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Abstract
Development of diode end-pumped Nd:YLF lasers at 1314 nm for
high power operation
Roelof Cornelis Botha
Hartebeesthoek Radio Astronomy Observatory, PO Box 443, Krugersdorp,
1740, South Africa
University of Stellenbosch, Private Bag X1, Matieland, 7602, Stellenbosch,
South Africa
CSIR National Laser Centre, PO Box 395, Pretoria, 0001, South Africa
High-power 1.3µm solid-state lasers have a wide range of scientiﬁc and commercial ap-
plications such as ultra-high resolution spectroscopy and red-green-blue (RGB) display tech-
nologies. The Hartebeesthoek Radio Astronomy Observatory (HartRAO) is currently devel-
oping a new Lunar Laser Ranging (LLR) system. This new system is a next-generation space
geodetic instrument and is being developed with the objective to measure sub-centimeter
orbital positions of the Moon. Initially it will use an Nd:YAG laser with a beam quality
of M2 ∼ 2, which will lead to an estimated return photon detection rate of  1 photon
per laser pulse. Using a laser host material that can deliver high pulse energies but with
a better beam quality will result in less beam divergence, to enable the detection of more
return photons.
Nd:YLF as a birefringent laser host material is a promising alternative to Nd:YAG due to
its ability to deliver high pulse energies as well as operate with a very good beam quality. The
σv-polarization emission should result in a weaker thermal lens than for the pi-polarization,
due to the weakly negative thermo-optical coeﬃcient dno/dT associated with it. Operating
Nd:YLF on the σv-polarization wavelength of 1314 nm will allow us to quantify a lower limit
for laser energy during 1053 nm operation, due to the lower emission cross-section σem that
1.3µm has relative to 1.0µm.
The growth process of Nd:YLF crystals results in a natural doping gradient. By using a
relatively low average Nd doping concentration within the YLF crystal as well as pumping
from the lower-doping crystal end-face, one can reduce energy transfer upconversion (ETU)
which, in turn, reduces excited-state absorption (ESA). A reduction in the Nd doping there-
fore helps to lower the thermal load as well as spread it out longitudinally in the crystal.
This increases the thermal fracture pump limit, allowing operation at higher pump power.
iv
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The power-scaling of 1314 nm Nd:YLF lasers was investigated for CW, passively as well as
actively Q-switched operation. Both a single- and a dual-crystal resonator were designed and
built. These lasers were operated in the CW and Q-switched modes. Passively Q-switched
operation was achieved by using a V:YAG saturable absorber while actively Q-switched
operation was achieved by using an acousto-optic modulator (AOM).
Power-scaling of 1314 nm Nd:YLF lasers was successfully demonstrated for CW, passively
and actively Q-switched operation. It was concluded that 1314 nm Nd:YLF exhibits a netto
positive thermal lens at high pump powers, this result being ascribed to the positive lensing
eﬀect from end-face bulging being slightly more pronounced than the negative thermo-optical
coeﬃcient dno/dT . The CW power and pulse energies obtained were higher than reported
at that stage for any Nd-doped 1.3µm lasers in an end-pumped conﬁguration. These results
indicate that Nd:YLF is an ideal active medium to obtain high power and energies for lasers
operating in the 1.3µm region, and that further power-scaling of 1.0µm Nd:YLF should
also result in very high output power and pulse energies, with an expected beam quality of
M2 < 2. The successful energy-scaling of σv-polarization Q−switched Nd:YLF lasers enables
the subsequent investigation of mode-locked Q-switched (<20 ps) pulses at the millijoule
level, which are applicable to laser ranging.
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Opsomming
Die ontwikkeling van hoë-krag diode end-gepompte Nd:YLF
1314 nm lasers
Roelof Cornelis Botha
Hartebeesthoek Radio-Astronomie Observatorium, Posbus 443, Krugersdorp,
1740, Suid Afrika
Universiteit van Stellenbosch, Privaat Sak X1, Matieland 7602, Stellenbosch,
Suid Afrika
CSIR National Laser Centre, Posbus 395, Pretoria 0001, Suid Afrika
Hoë-krag 1.3 µm lasers het 'n wye verskeidenheid van wetenskaplike en kommersiële toe-
passings soos ultra-hoe resolusie spectroskopie en vertoningstegnologieë. Die Hartebeesthoek
Radio-Astronomie Observatorium (HartRAO) ontwikkel tans 'n Maan-laser-afstandstaster.
Dit is 'n nuwe generasie geodetiese instrument en poog om, as hoofdoel, sub-sentimeter
wentelbaan posisies van die maan te meet. Aanvanklik sal 'n Nd:YAG laser met 'n geskatte
straal-gehalte van M2 ∼ 2 gebruik word. Dit het 'n weerkaatsings-foton metingstempo van
 1 foton per laserpuls. Die gebruik van 'n laser materiaal wat hoë puls-energie met 'n
beter straalkwaliteit kan lewer, sal lei tot 'n laer divergensie en 'n hoër weerkaatsings-foton
metingstempo.
Die dubbelbrekende Nd:YLF laser kristal is 'n belowende plaasvervanger vir Nd:YAG
aangesien dit hoë-energie pulse met 'n baie goeie straalkwaliteit kan lewer. Uitstraling van
die σv-polarisasie behoort te lei na 'n swakker termiese lens as vir die pi-polarisasie as gevolg
van die swak negatiewe termo-optiese koëﬃsiënt dno/dT wat dit het. 'n Ondersoek van
1314 nm σv-polarisasie Nd:YLF werking sal ons in staat stel om 'n onder-limiet te bepaal vir
die laser energie tydens 1053 nm werking, aangesien 1.3µm 'n baie laer emissie-deursnit het
as 1.0 µm.
Die groei-proses van Nd:YLF kristalle lei tot 'n natuurlike doperingsgradient. Deur
'n relatiewe lae Nd doperingskonsentrasie in die YLF kristal te gebruik en dan vanaf die
laer-doperingskant te pomp, stel dit mens in staat om energie-oordrag-opwekking te ver-
minder wat gevolglik weer opgewekte-toestand-absorpsie verminder. 'n Verlaging in die
Nd-dopering maak die termiese las dus minder en versprei dit deur die kristal in 'n longi-
tudinale rigting. Dit verhoog die termiese kraak pomplimiet wat mens in staat stel om 'n
hoër pomp-intensiteit te gebruik.
vi
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Ondersoek van die krag-opgradering van 1314 nm Nd:YLF lasers vir kontinuë-straal,
passieweQ-skakelende en aktieweQ-skakelende werking is gedoen. Beide 'n enkel- en dubbel-
kristal resonator is ontwerp en gebou. Hierdie lasers is beide in die kontinuë-straal en Q-
skakelende opstellings gebruik. Passiewe Q-skakelende werking is verkry deur van 'n V:YAG
versadigbare absorbeerder gebruik te maak en aktiewe Q-skakelende werking deur van 'n
akoesties-optiese-modulator gebruik te maak.
Die krag-opgradering van 1314 nm Nd:YLF lasers vir kontinuë-straal en Q-skakelende
opstellings is suksesvol gedemonstreer. Die gevolgtrekking was dat 1314 nm Nd:YLF by 'n
hoë pomp-intensiteit 'n netto positiewe termiese lens het. Dit kan toegeskryf word aan die
eﬀense positiewe lens vanaf die eindpunt uitbulting wat sterker is as die negatiewe termo-
optiese koëﬃsiënt dno/dT . Die kontinuë-straal-krag en puls-energieë wat verkry is, was in
daardie stadium hoër as enige gepubliseerde waardes vir alle eind-gepompte Nd-gedopeeerde
1.3µm lasers. Hierdie resultate dui aan dat Nd:YLF ideaal is om 1.3µm lasers met hoë-
krag en -energie te verkry. Verdere krag-opgradering van 1.0µm Nd:YLF behoort baie hoë
uitsetkrag en pulsenergieë te lewer met 'n straalkwaliteit van M2 < 2. Die demonstrasie
van eﬀektiewe krag-opgradering van 1314 nm Q-skakelende Nd:YLF lasers stel mens in staat
om geslote-modus Q-skakelende pulse (< 20 ps) teen milli-Joule vlak, toepaslik vir laser-
afstandstasters, te ondersoek.
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Chapter 1
Background and Motivation
The Hartebeesthoek Radio Astronomy Observatory (HartRAO) Space Geodesy Programme
is currently developing a Lunar Laser Ranger (LLR) (Combrinck and Botha, 2013; Botha
and Combrinck, 2013). The primary system goal is to achieve sub-centimeter lunar orbital
positions. These data can then be used for precise Lunar ephemeris, tests of the General
Theory of Relativity and determination of the time-dependence of the universal gravita-
tional constant, G˙ (Guochang, 2012). This LLR system is envisioned to also be utilized for
various other secondary tasks like Satellite Laser Ranging (SLR), time transfer experiments
(Degnan, 2002; Prochazka et al., 2011) and laser deep space communication, similarly as
done by Sun et al. (2013). The system will initially be operated with Nd:YAG lasers, as
these have been employed traditionally for SLR and LLR. Since our system has an expected
return photon detection rate of  1 photon per transmitted laser pulse (Ndlovu et al.,
2015), an investigation was made into other laser host materials. An increase in the return
photon detection rate will greatly increase data points and thus lower the error margins of
calculated orbits. The use of Nd:YLF as a laser host material has promising possibilities due
to the high pulse energies it can deliver as well as the expected high beam quality, especially
when operated at extremely high pulse energies.
Nd:YLF as a laser host material is a promising alternative to Nd:YAG because it should
be able to deliver higher pulse energies (due to the longer excited state lifetime τ) as well as
deliver a better beam quality, especially on the σv-polarization. Operating Nd:YLF on the
σv-polarization wavelength of 1314 nm will:
 allow us to quantify a lower limit for laser energy during 1053 nm operation, due to
the higher emission cross-section σem that 1.0 µm has relative to 1.3µm
 result in a higher thermal load within the gain medium than for 1.0µm operation. By
obtaining the beam quality M2 for 1.3µm operation one can quantify the upper limit
to the M2 one can expect for 1.0µm operation.
High-power 1.3µm lasers also have a wide range of applications in remote sensing, free-space
optical communication and display technologies (see Section 1.2.2).
1
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1.1 Lunar Laser Ranging as a Geodetic technique
1.1.1 Space Geodesy
Geodesy is the scientiﬁc discipline which deals with the continuous measurement and rep-
resentation of the Earth, especially the time-varying shape and gravitational ﬁeld. It is
an inter-disciplinary branch of applied mathematics and Earth sciences but uses techniques
from various other scientiﬁc disciplines such as physics, engineering and statistics. Global
and national measurement and control networks, using space and terrestrial techniques, are
designed, implemented and maintained, to establish datums and coordinate systems as well
as to measure various types of data within these reference systems. These coordinate sys-
tems, datums and datasets are then used to study geodynamical phenomena such as crustal
and polar motion as well as global change.
The Hartebeesthoek Radio Astronomy Observatory (HartRAO) is located near Johan-
nesburg in South-Africa and hosts research programmes in both Radio Astronomy as well as
Space Geodesy. Space Geodesy is the practice of Geodesy using space-based techniques such
as astronomical sources and satellites. The HartRAO Space Geodesy Programme currently
hosts 4 main space geodetic techniques at the same site:
1. Very Long Baseline Interferometry (VLBI) using radio telescopes, to accurately de-
termine datums for the celestial reference frame as well as the changing position and
orientation of Earth in space.
2. Global Navigation Satellite Systems (GNSS) using satellite positioning systems such as
Global Positioning System (GPS), to tie the celestial and several terrestrial reference
frames together.
3. Satellite Laser Ranging (SLR) which uses laser pulses to determine the orbits of various
scientiﬁc-mission satellites, as well as to calibrate the orbital data of GNSS satellites.
4. A DORIS station, using the Doppler eﬀect to precisely determine satellite orbits, is
also located nearby.
The combination of these four fundamental geodetic techniques on one site establishes
HartRAO as one of only seven core sites in the international network and it is the only
site of it's kind on the African continent. This, together with the LLR development, en-
ables HartRAO to play an important role in the international network, especially in the
development of new geodetic technologies and towards achieving millimetre-level precision.
1.1.2 Laser Ranging
Geodesy utilises both Satellite as well as Lunar Laser Rangers. These systems utilize corner
cube reﬂectors on satellites or the reﬂector arrays, which were placed at various locations
on the Moon during the Apollo and Lunakhod missions, as targets. The rangers operate by
transmitting short laser pulses to these corner cube reﬂectors and then detect the reﬂected
light signal via a large optical telescope. The transmitted and received pulses are time-
tagged at the pico-second level to determine the eﬀective distance the laser light travelled.
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To attain the desired sub-centimeter accuracies the timing and detection systems needs
to be accurate to ≤ 20 ps (since 1 ps ≡ 0.15mm for the ﬁnal range) and laser pulses with
pico-second time duration are required.
The expected number of detected return laser photons nd for a laser ranger are given by
the modiﬁed radar equation (Degnan, 1993), which can be simpliﬁed to:
nd = ηoGt
(
1
4piR2object
)2
nt (1.1)
with ηo the overall optical link eﬃciency, Gt the transmitter gain, Robject the range
and nt the number of transmitted photons. The main factor that inﬂuences the number of
detected return photons nd adversely is the distance Robject, since it results in a quadratic
decrease in the photon density for each of the transmit and return paths due to beam
divergence (the R−4 in Equation 1.1). Satellite and Lunar orbit ranges typically imply that
R−4sat ∼ 10−9 − 10−18m-4 and R−4Lunar ∼ 10−34m-4 respectively, giving a clear indication of
just how low the expected photon detection rate is for LLR. For SLR one can expect > 105
photons as a return, while for LLR the expected return is at the single photon level. The
eﬀective maximum range of the system is when one can detect at least a single photon per
∼200 emitted pulses (nd ∼ 0.005) to obtain an appropriate signal to noise ratio, while ideally
detecting an average of a single photon per laser pulse (nd ∼ 1) is preferred. Usually LLR
systems operate at nd < 0.1. Assuming that the optical path eﬃciency ηo is optimal, the
number of detected LLR photons is inﬂuenced by either the number of transmitted photons
nt or the transmitter gain Gt. The transmitter gain is deﬁned as
Gt (θpe, θt) =
8
θ2t
exp
[
−2
(
θpe
θt
)2]
(1.2)
with θt the far ﬁeld divergence half-angle (between the beam centre and the 1/e
2 point)
and θpe the overall beam pointing error (the combined eﬀects of the laser and the reﬂecting
telescope) (Degnan, 1993). This factor is the ratio of the power ﬂux density at the detector,
relative to that of an isotropic energy source (since Equation 1.1 is deduced from the radar
equation used in engineering). Since laser light is highly directional this gain factor is
very large. Equation 1.2 is only valid for the simplistic case of an unobstructed outgoing
Gaussian laser beam, just to give the reader a qualitative insight into the typical inﬂuence
of the transmitter gain Gt on the number of detected photons nd.
Laser beams can only have near-perfect parameters at best. Since ranging occurs through
Earth's atmospheric layer to space and back, atmospheric eﬀects (turbulence) play a major
role in the beam quality. Even if one could start oﬀ with a near-perfectly collimated laser
beam, the resulting beam after leaving Earth's atmosphere will be diverged. Atmospheric
eﬀects therefore imply a lower limit on the far-ﬁeld beam divergence, deﬁned as
θtmin =
λ
piρ0
(1.3)
with λ the photon wavelength and ρ0 the transverse atmospheric coherence length. The
transverse atmospheric coherence length is deﬁned as the circular diameter over which the
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RMS wavefront aberration is 1 radian, due to passage through the atmosphere. Equation
1.3 deﬁnes the theoretical lower limit assuming all other factors are ideal. Sites which
are suitable for astronomical observatories and laser rangers usually have an atmospheric
coherence length value of at least ρ0 ∼ 100mm (Walters and Bradford, 1997). A typical
lower limit to the divergence half-angle for a visible beam as it leaves Earth's atmosphere is
therefore θtmin ∼ 0.35”, assuming one started oﬀ with a near-perfect laser beam.
From Hodgson and Weber (2005), one can relate the laser beam qualityM2 to the actual
beam divergence (through vacuum) by
θt =
4M2λ
piw0
(1.4)
where w0 is the beam radius at the waist and M
2 = 1 deﬁnes a perfect laser beam while
M2 > 1 an imperfect beam. A lower laser M2 factor provides for a wider range of beam
waist choices (thus far-ﬁeld divergence half-angles) at the laser ranger since the aperture of
the transmitting telescope provides an upper limit to the beam waist w0.
1.1.3 Lunar Laser Ranging
Since the inception of Satellite and Lunar Laser Ranging in the early 1960's, Neodymium-
doped Yttrium Aluminium Garnet (Nd:YAG) based lasers have been the workhorses in these
systems. These lasers are frequency-doubled and the 532 nm emission is used for ranging to
satellites and the Moon. The beam quality of the Nd:YAG lasers employed for these Laser
Ranging purposes usually falls in the range of 2 ≤ M2 ≤ 4 (Degnan, 1993) which leads to
higher divergence as they travel through the atmosphere than for 1 ≤M2 ≤ 2 beams. Thus
changing the laser system to operate with a host material that can deliver a beam quality
of M2 < 2 will mean less divergence and a higher energy density in the beam which will
ensure more return photons and increase overall system accuracy and eﬃciency.
Figure 1.1 depicts the inﬂuence of beam divergence on transmitter gain Gt, for a range of
pointing errors that can realistically be achieved by HartRAO's Lunar Laser Ranger system.
The transmitter gain can be increased dramatically by having a combination of a small
pointing error and low beam divergence. A higher transmitter gain Gt implies that more
return photons can be detected. Due to the expected typical pointing error of about 1.0 (1.0
arc-seconds) for the HartRAO LLR, we would like to aim for a beam divergence half-angle
of between 1.0 and 2.0 as the beam leaves Earth's atmosphere. Furthermore, an ideal laser
beam waist radius for the HartRAO LLR would be ≤20 cm at the telescope, due to the size
and construction of the telescope. Using this beam waist range in Equation 1.4 and keeping in
mind the minimum divergence contribution due to the atmosphere (Equation 1.3) one arrives
at an ideal laser ranger beam quality range of M2 < 2 for visible lasers (Equation 1.4). The
expected pointing error of the HartRAO LLR system of about 1.0 implies that using a
laser with a beam quality M2 < 2 will result in less beam divergence, which will increase
the transmitter gain Gt and thus ensure the detection of more return photons. Neodymium-
doped Yttrium Lithium Fluoride (Nd:YLF) as a laser host material is a promising alternative
to Nd:YAG because it should be able to deliver higher pulse energies as well as better beam
quality, especially on the σv-polarization (see Section 1.2.1).
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Figure 1.1: The inﬂuence of beam divergence on transmitter gain Gt, for various pointing errors.
1.2 High-power 1.3 µm Nd:YLF lasers
1.2.1 Nd:YLF as a laser host material
Since the initial investigation of its spectroscopic properties by Ryan and Beach (1992),
Nd:YLF has increasingly been investigated due to it's potential to deliver high energy laser
pulses with a good beam quality. The upper-laser-level (4F3/2) lifetime of τ ∼ 520µs for
Nd:YLF is longer compared to the ∼ 250µs for Nd:YAG (Ryan and Beach, 1992; Czer-
anowsky, 2002). The resulting high energy storage capability makes Nd:YLF suitable for
generating high pulse energies during Q−switched operation (Ryan and Beach, 1992; Koech-
ner, 1999; Czeranowsky, 2002; Bollig et al., 2010). Furthermore, operating Nd:YLF lasers is
attractive due to the weak thermal lens when emitting on the σv-polarization (Pollnau et al.,
1998b; Hardman et al., 1999). This results in the potential for an excellent beam quality
over a wide range of output powers.
The main emission lines for Nd:YLF are around 1053 nm and 1314 nm for the σv-polarization.
The 1314 nm emission cross-section is a factor of 6 lower than the emission cross section for
1053 nm Nd:YLF and a factor of 3 less than the that of Nd:YAG at 1.3µm. Power scaling
of 1.3µm Nd:YLF lasers is therefore more diﬃcult than for 1.0µm Nd-lasers, however, the
relatively long upper-laser-lifetime τ of Nd:YLF partially compensates for this.
Power-scaling of 1.0µm has been investigated extensively by other groups (Pollnau et al.,
1998a; Wetter and Deana, 2014) as well as our own group (Bollig et al., 2008; Koen, 2009;
Bollig et al., 2010)and operation at sub-100W power with very good beam qualities and
high pulse energies have been demonstrated. CW output powers at 1053 nm delivered up
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to 44W from 110W of absorbed pump power at 797 nm (optical-to-optical eﬃciency of
42%)(Wetter and Deana, 2014) and up to 87W from 280W of incident pump power at
806 nm (36.5% optical-to-optical eﬃciency of 36.5%) (Koen, 2009). Pulsed output from a
1053 nm Q-switched laser delivered up 10.4mJ of energy per pulse (Bollig et al., 2010). The
crystals and pump sources available to our group did not allow for power scaling of 1.0µm to
the levels required by LLR. We could however investigate power-scaling of 1.3µm Nd:YLF
since this would provide a lower limit expected for 1053 nm pulse energies when Q-switched,
due to the lower emission cross-section σem for 1.3µm relative to 1.0µm. It would also
provide an indication of the worst beam quality (upper limit toM21.0) one could expect from
1.0µm Nd:YLF that has been power-scaled and operated just below the thermal fracture
limit.
As a laser material, Nd:YLF therefore has the potential in delivering both a good beam
quality and high pulse energies for Laser Ranging (Section 1.1) and various other applica-
tions (Section 1.2.2). Investigating the power-scaling of 1.3µm Nd:YLF lasers is therefore
advantageous to a wide range of applications.
1.2.2 Some applications requiring high-power 1.3 µm lasers
High-power 1.3µm lasers have a wide range of applications, including remote sensing, com-
munications, timing systems, ultrahigh-resolution spectroscopy and display technology:
 The 1.3 µm output can be Raman-shifted to the 1.5µm region, which is useful for
applications requiring eye-safe operation at high powers such as Lidar and free-space
optical communication (Murray et al., 1995).
 1314.0 nm (speciﬁcally the 657.0 nm harmonic) is required to probe the relevant tran-
sition for optical Calcium clocks (Louyer et al., 2003). These optical clocks have a
quality factor of ∼ 1015 compared to ∼ 1010 for their microwave counterparts such as
Cs fountain clocks; Nd:YLF sources are therefore ideal candidates for next-generation
high accuracy systems.
 Lasers are essential tools for probing fundamental theories using ultra high-resolution
spectroscopy (Louyer et al., 2003). Tests of quantum electrodynamics and determi-
nation of some fundamental constants can be done by using 1.3µm Nd:YLF lasers.
Measurement of the 2S − 3S interval in hydrogen with 1312.6 nm photons would help
to better determine the Rydberg constant. Spectroscopy with 328.1 nm (second har-
monic) of the He+ 2S− 3S resonance should provide a precise measurement of the 2S
Lamb shift.
 Harmonic conversion of 1.3µm can be used for the generation of red and blue light in
red-green-blue (RGB) display technologies (Hu et al., 2008).
Pulsed high-power 1.3µm lasers can beneﬁt especially Lidar and free-space optical com-
munication by increasing the operational distances as well as enable large-scale RGB dis-
play technologies. Power scaling of end-pumped 1.3µm lasers was mainly investigated for
Nd:vanadate gain media. Nd-doped 1.3µm CW and Q-switched lasers were investigated
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and compared for Nd:YAG, Nd:YAlO3, Nd:YVO4 and Nd:YGdVO4 (Krennrich et al., 2008)
for both CW as well as Q−switched modes. Both Nd:YVO4 and Nd:GdVO4 have an 1.3 µm
emission cross section in the same order as for 1064 nm Nd:YAG (Czeranowsky, 2002).
However, the vanadates exhibit a strong thermal lens, which is worsened by exited-state ab-
sorption (ESA) around 1340 nm (Fornasiero et al., 1998). In addition, their upper-laser-level
lifetime is only 100µs, limiting the available energy per pulse under continuous pumping.
Nd-vanadate lasers can not easily produce ∼1314 nm radiation as required by some applica-
tions. Nd:YLF therefore should be able to deliver better beam quality than for vanadates,
with a high pulse energy at a wavelength of ∼1.31µm.
1.3 Conclusion and Experimental work
There is an international drive to develop new geodetic technologies, towards achieving
millimeter-level precision in position measurements. The HartRAO Space Geodesy Pro-
gramme has a core geodetic site as part of the international network and is currently devel-
oping a new Lunar Laser Ranging (LLR) system. This new LLR system is a next-generation
space geodetic technique and aims to achieve sub-centimeter lunar orbital positions. Ini-
tially it will use a Nd:YAG laser with an estimated beam quality of M2 ∼ 2, which will lead
to an estimated photon detection rate of  1 photon per pulse (every 100 - 200 laser pulses
will deliver one detected photon on average). If one can use a laser host material that will
deliver better beam quality, it will result in less beam divergence which will increase the
transmitter gain Gt and thus ensure the detection of more return photons.
The stronger 1.3µm emission line of Nd:YLF is at 1314 nm for σv-polarization emissions,
which has a weak negative thermal lens and should therefore deliver better beam quality
than for the pi-polarisation wavelength of 1321 nm. Nd:YLF as a laser host material is a
promising alternative to Nd:YAG because it should be able to deliver higher pulse energies
(due to the longer excited state lifetime τ) as well as deliver a better beam quality, especially
on the σv-polarization. Investigating Nd:YLF operation on the σv-polarization wavelength of
1314 nm will:
 provide a lower limit expected for Q-switched 1053 nm pulse energies, due to the higher
emission cross-section σem for 1.0 µm relative to 1.3µm and
 enable us to quantify the highest 1.0µmM2 one can expect, due to the higher thermal
load the gain medium experiences for 1.3µm relative to 1.0µm operation.
High-power 1.3µm lasers also have a wide range of applications such as remote sensing and
large-scale RGB display technologies.
Demonstration of the energy-scaling of σv-polarization Q−switched Nd:YLF lasers will
enable subsequently investigation into mode-locked Q-switched (<20 ps) pulses at the milli-
joule level, which are applicable to laser ranging. However, such experiments require stronger
pump sources, longer Nd:YLF crystals rods of a low doping (for increased absorption), op-
tics that will be able to handle the higher peak energies and additional optical elements to
obtain mode-locking and pulse-picking. An investigation was therefore launched into the
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power-scaling of 1.3µm Nd:YLF lasers, both for CW as well as Q−switched operation. The
lasers were operated at power levels just below the crystal damage threshold.
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Chapter 2
Theoretical overview of laser operation
The basic physics of four-level lasers, as well as implementation of this knowledge to create
a diode end-pumped solid-state laser for eﬀective Continuous Wave (CW) and Q-switched
operation, are reviewed in this chapter.
2.1 Laser operation at an atomic level
The term LASER is an acronym for Light Ampliﬁcation by the S timulated Emission of
Radiation, hereafter referred to only as laser. Stimulated emission, ﬁrst described by Ein-
stein (1917), is the process whereby a photon with frequency ν can stimulate (inﬂuence)
a nearby excited atom or molecule to release some or all of the excitation energy in the
form of a photon with the same frequency (see Figure 2.1). The energy E and frequency
ν of a photon is related by Planck's constant h through E = hν. Suppose one has an
atom with a ground-state energy level E1 and excited state level E2. If this atom is in the
excited state, the electron is in energy level E2 (Figure 2.1(a)). If a photon with energy
Ephoton = hνphoton ∼ E2 − E1 passes this excited atom, it stimulates the atom to make a
transition back to the ground state E1 (Figure 2.1(b)) by emitting a photon identical to the
incident one (Figure 2.1(c)). This released photon is the same as the stimulating photon in
terms of three important properties: energy, phase and propagation direction. The process
of stimulated emission therefore ampliﬁes light by creating an exact duplicate, or clone, of
the incident photon. This ampliﬁcation process is deﬁned as gain and a material that can
amplify light by the process of stimulated emission is called a gain medium.
Pumping and emission processes in real laser systems usually involve a large number
Figure 2.1: The process of stimulated emission, as ﬁrst described by Einstein (1917).
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Figure 2.2: Simpliﬁed diagrams of laser operation: (a) a three-level and (b) a four-level las-
ing system. The dashed lines depict some possible heat-generating transitions (via multi-phonon
relaxations), the solid lines indicate transitions involving photons.
of energy levels with complex excitation and cascaded relaxation processes between these
diﬀerent levels (Koechner, 1999). The main features of typical laser operation via the inter-
action of radiation and matter can be understood through the simpliﬁed three- and four-level
diagrams as depicted in Figure 2.2. In this ﬁgure we explain the pumping as well as emission
mechanisms which are central to the short discussion that follows.
In solid-state laser media, as discussed here, most of the energy level relaxation tran-
sitions of atoms are rapid non-radiative decay processes since there is a strong coupling
between the internal atomic oscillations and the surrounding lattice (Koechner, 1999). This
implies that the energy lost by an atom is transferred to vibrational and / or thermal energy
within the lattice (see Section 2.5). Radiative decay processes can occur but these usually
have short lifetimes and broad line widths. There are only a few transitions, associated with
selected atomic elements, where the transitions are decoupled from the lattice vibrations
(Koechner, 1999). Such transitions have a relatively long lifetime and lead to radiative de-
cay with narrow line widths. These energy levels are called metastable levels and are crucial
for laser action to occur.
Optically pumped three- and four-level lasers can be explained using Figure 2.2. The
three-level laser are not used often due to the lower eﬃciency than for four-level systems,
but is depicted in the ﬁgure for completeness. Four-level lasers are characteristic of rare
earth ions in glass or crystalline host materials. Initially all atoms are in the ground state
E0. The atom can be excited to a wide absorption band (hereafter called the pump band)
with energy E3 if a photon with energy
Ephoton ∼ E3 − E0 (2.1)
is absorbed by the atom. One would ideally like to excite a gain medium only to the pump
band (E3 in Figure 2.2). Most of the pump-band atoms are transferred into the intermediate
sharply deﬁned energy level E2 by a fast non-radiative decay with half-life τ32. The electron
is now in a metastable level with a relatively long lifetime τ21  τ32 and can lose its
associated energy via a radiative transfer to energy level E1. This energy level E1 has a
Stellenbosch University  https://scholar.sun.ac.za
CHAPTER 2. THEORETICAL OVERVIEW OF LASER OPERATION 11
short lifetime τ10  τ21 and quickly decays via non-radiative processes to the ground state
E0.
The usual ground and pump bands as depicted by Figure 2.2 have associated energy
levels E0 and E3. When a large collection of such similar atoms are in thermal equilibrium
at temperature T , we know from statistical physics that the relative population of these two
energy levels are related by the Boltzmann ratio, such that
N3
N0
= exp
(− (E3 − E0)
kT
)
(2.2)
with N0 and N3 the number of atoms in energy levels E0 and E3 respectively (Oha-
nian, 1995; Koechner, 1999). Typically the number of atoms in any upper energy level
(excited state) will be extremely small at room temperature (T = 300K) if the energy
gap corresponds to photons with energies hν30 in the near-infrared or visible regions (from
E3 − E0 = hν30  kT ). Since the lifetimes τ32 and τ10 are small compared to τ21 one can
assume that the atom is either in metastable state E2 or ground state E0. Therefore, for
thermal equilibrium, one can assume that the population is such that N0  N2. Through
the absorption of energy via some physical mechanism, one can obtain the situation in which
more atoms are in the excited E2 state (via state E3 with a fast decay to E2), than are
in the ground state E0. This implies that N0  N2 and one has then eﬀectively achieved
a state called population inversion. The source of energy used to create the population
inversion is called pump energy and photons are a good energy source to use in obtaining
this population inversion.
The decay of metastable state E2 usually occurs via spontaneous radiative decay. If a
population inversion exists in the bulk material, the decay of metastable state E2 will occur
via spontaneous as well as stimulated emission. It is this process of stimulated emission that
can be exploited to amplify light (multiply photons) and thus create a laser.
The intrinsic eﬃciency of the lasing action (the so-called quantum eﬃciency) is deter-
mined by the energy of the laser photon relative to the energy of the pump photon. The
diﬀerence between these energies is lost via mostly heat-generating mechanisms within the
material which are summarised in Section 2.5.1.
2.2 Laser operation at a macroscopic level
Figure 2.3 demonstrates the process whereby stimulated emission within a bulk material can
be exploited to enable laser action. First one creates a laser resonator by positioning two
reﬂectors to face each other so that they ensure a closed optical path between them. A
closed optical path exists when a photon that passes a point in a certain directions within
the resonator, will pass the same point again in the same direction after a ﬁnite time. The
gain medium is placed within this optical path inside the resonator. The atoms within a
gain medium are then excited by an external source of energy. A population inversion will
occur within the gain medium, which causes both spontaneous and stimulated emission. If a
photon of the right energy as per Equation 2.1 is spontaneously emitted along the resonator
optical path, it causes a cascaded stimulated emission eﬀect as it travels back and forth
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along the resonator optical path. By choosing one of the reﬂector elements to be partially
transmissive, some of the photons will leak out of the laser cavity, creating the laser beam.
Optical resonance is an important (and often essential) method to enable laser action.
Within most gain media, the gain is not high enough to ensure eﬃcient stimulated emission
for laser action to occur. By reﬂecting light between two mirrors one can trap the optical
wave between them (see Figure 2.4). A resonator is only stable as long as it ensures a stable
periodic focussing or reﬂection system (Siegman, 1986) and if the mirrors have large enough
transverse dimensions. Otherwise it is an unstable system. To test whether a resonator is
stable the following equation needs to be valid:
0 <
(
1− L
R1
)(
1− L
R2
)
< 1,
with R1 and R2 the radii of curvature for mirrors 1 and 2 and L the separation between
them. In addition to trapping the light between the mirrors, a resonator can only support
certain spatial Eigen modes (shapes) (Siegman, 1986). A simple explanation is that any
mode (shape) that does not reproduce itself after one round-trip, is not ampliﬁed suﬃciently.
The simplest functions (shapes) that are able to do this are the Hermite and Laguerre
Gaussian functions (for rectangular and circular symmetry respectively). These types of
waves are shape invariant as they propagate. The fundamental Gaussian mode is referred
to as the Transverse Electromagnetic 00 (TEM00) mode and has the classical Gaussian
distribution. All the higher order modes have sizes that are larger than this mode. Usually
Figure 2.3: A basic side-pumped laser resonator setup.
Figure 2.4: A resonator and some parameters used to deﬁne stable operation. Mirrors of the
proper radii of curvature R1 and R2 and separation L can trap a Gaussian beam. The Gaussian
intensity proﬁle stays the same throughout the resonator, only the scale changes.
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Dielectric
constant
Crystallographic
axis
Light with
E || axis
Refractive
index
Polarisation
κ1 c-axis
extraordinary
/ e-ray
ne pi-polarised
κ2 = κ3 a-axis
ordinary /
o-ray
no σ-polarised
Table 2.1: Polarisation summary for uni-axial birefringent crystals
one wants to select only the TEM00 mode. To do this, one changes the physical parameters
of the cavity to introduce extra losses for the larger, higher order modes.
By pumping a gain medium within an optical resonator, laser action can be achieved
and a laser beam will be emitted from the resonator through a partially reﬂective output-
coupler (OC). This laser radiation is a collimated beam because the light is only ampliﬁed in
a speciﬁc direction. It is also coherent and has a narrow wavelength range (monochromatic)
due to the stimulated emission process. Laser radiation can be distinguished from other
radiation mainly by it's coherence.
2.3 Birefringent gain media
Birefringence, also called double refraction, is a property of non-isotropic crystallographic
materials. Most birefringent materials are uniaxial which means that they have the same
dielectric constants for two of the three optical axes (the lines along which there are some
degrees of rotational symmetry) (Hobbs, 2000). The crystallographic direction along the
axis with the unique dielectric constant κ1 is called the c-axis of the birefringent crystal,
the other two axes are both called a-axes. Light polarised parallel to the c-axis is called an
extraordinary ray (or e-ray) and light polarised perpendicular to this is called an ordinary
ray (or o-ray). These plane polarised ordinary and extraordinary rays have diﬀerent indexes
of refraction no and ne and, in solid state lasers, are said to be σ-polarised and pi-polarised
respectively.
If a birefringent crystal is used as a laser gain medium, the resulting laser is usually
polarised along one of these crystallographic directions because of the diﬀerence in gain
between the two axes (also see Sections 3.1 and 3.2). This results in the laser beam experi-
encing only a single refractive index no or ne. Both these refractive indexes have near-linear
temperature dependencies
dno
dT
= Co,
dne
dT
= Ce, Co 6= Ce 6= 0 (2.3)
and are also wavelength dependent
dn
dλ
6= 0, (2.4)
with λ the wavelength of the light.
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Figure 2.5: Schematic diagrams of pump schemes: (a) side-pumped and (b) end-pumped schemes,
as applicable to laser rods.
2.4 Diode end-pumped solid-state lasers
Considering all viable sources of pump energy, optical sources are commonly used to achieve
excitation to a metastable energy state within a solid-state gain medium (Hobbs, 2000).
Typical optical pump schemes are side- and end-pumping, as demonstrated in Figure 2.5.
The gain medium is usually shaped as a rod (round or square) or a ﬂat disc. Side-pumping
is usually employed for rods while end-pumping is usually employed for discs.
Side-pumping of rods has the disadvantage of exciting the whole gain medium while the
resonator mode only extracts energy from a subsection of the gain medium. This leads to
increased and inhomogeneous heat generation within the gain medium. Since the sides of
the gain medium rods are utilised for pumping it rather than cooling, it leads to increased
thermal eﬀects (see Section 2.5).
In contrast, end pumping has two main advantages: 1) it can only excite the volume of
the gain medium which overlaps to the resonator mode and 2) it leaves the sides of the gain
medium accessible for implementing cooling mechanisms. These two advantages imply less
heating of the gain medium, reduced detrimental thermal eﬀects and therefore increased
overall eﬃciency. One drawback of end-pumping is that one needs to employ special optics
to separate the pump and laser light.
Optical pump sources can emit either in a spectral continuum, isolated spectral lines or
a mix of broadened lines and continuum spectral bands (Hobbs, 2000). Commonly used
broadband pump sources include ﬂash lamps and arc lamps while narrowband sources in-
clude laser diodes.
Flash lamps and arc lamps used as an optical pump source have the advantage of deliver-
ing high pulse energies and peak powers for pulsed laser systems, but have the disadvantage
of a low eﬃciency. The overall electrical to optical eﬃciency of lamp-pumped solid-state
lasers generally only reaches a few percent. Other drawbacks include the low optical cou-
pling eﬃciency into the gain medium, both due to the spectral characteristics of the emission
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Figure 2.6: A schematic diagram of a typical diode end-pumped solid state laser.
not completely matching the gain media absorption spectra, as well as the low spatial cou-
pling that can be achieved from the omni-directional emission source into the gain medium.
The broad spectral emission will lead to excitation in the gain media to energy manifolds
other than the pump band, such absorption will not contribute to laser action but rather to
heat generation within the gain media. These types of optical sources also require bulky and
hazardous high-voltage power supplies and the lamps themselves have a limited lifetime.
Laser diodes have high powers and narrow line widths (3 nm ≡ 900GHz) compared
to other types of sources (Hobbs, 2000). They are also of the most eﬃcient (electrical
to optical), cost eﬀective (cost per laser photon) pump sources available. To obtain the
combined positive eﬀects of narrow-band pump sources as well as eﬃcient pumping, laser
diodes are typically used (Hobbs, 2000). Their output is also highly directional, so it can
be fed into a ﬁbre-optic cable, which allows for a much wider range of pump schemes. End-
pumping of a gain medium is usually achieved by means of a ﬁbre, while side-pumping
schemes are implemented without ﬁbre-optics. Laser diodes are therefore a good choice for
implementing an eﬃcient high-power system, and are typically used for Continuous Wave
(CW) and high Pulse Repetition Frequency (PRF) systems.
Practically one would like to achieve optimal spatial coherence by focussing as much of
the pump energy as possible into an area that is about as large as the resonator mode. This
spatial overlap between the resonator and pump modes is called mode-matching. Further-
more, the resulting heat load within solid gain media is much less when using narrow-band
type pump sources (see Section 2.5). This implies that higher pump powers and thus higher
laser energies can be achieved using narrow-band sources, with an overall higher conversion
eﬃciency of source energy into laser energy.
The threshold of a laser quantiﬁes the minimum pump power that must be supplied to
the laser for lasing action to occur. For diode-pumped solid-state lasers this threshold Pth
can be determined by
Pth =
pihνp
4ηp−gσemτ21
(
ω2l + ω
2
p
)
(T + L) , (2.5)
with νp the pump frequency, ηp−g the pump quantum eﬃciency, σem the emission cross-
section of the laser wavelength, τ21 the excited state lifetime (see Figure 2.2), ωl and ωp
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Figure 2.7: Heat generation due to quantum defect of Nd:YLF pumped by 806 nm photons for a)
1053 nm and b) 1314 nm laser operation. The dashed lines depict some possible heat-generating
transitions (via multi-phonon relaxations), the solid lines indicate transitions involving photons.
the laser and pump beam radii, T the output coupler transmission and L losses within the
resonator (Bollig, 1997).
Figure 2.6 depicts the schematic of a typical diode end-pumped solid-state laser. The
optical resonator is made up of a Back Reﬂector (BR) which will transmit pump wavelengths
but reﬂect laser wavelengths, while the Output Coupler (OC) partially reﬂects laser wave-
lengths. The pump and laser (resonator) modes overlap within the gain medium. These
type of laser implementations have long lifetimes, high eﬃciencies and high output powers
with very good laser beam quality, all from a compact package (Paschotta, 2015).
2.5 Thermal eﬀects in solid state lasers
2.5.1 Heat generation mechanisms
Heat-generation in the gain medium is the main obstacle in maintaining good beam quality
while power-scaling diode end-pumped solid-state lasers (Clarkson, 2001). This is because
not all of the pump energy is converted to laser energy but instead is deposited in the gain
medium as heat energy via various mechanisms (Hardman et al., 1999; Koechner, 1999). An
increase in the thermal load results in a decrease in beam quality (a higher M2-value) due
to thermal lensing (Pollnau et al., 1998b) and ultimately leads to crystal fracture.
The main mechanisms of heat generation within a gain medium are:
 Quantum Defect
 Non-radiative decay and ﬂuorescence
 Absorption of pump light into energy levels other than the desired pump band
 Excited State Absorption
 Energy Transfer Upconversion
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The Quantum Defect qdefect is the percentage energy diﬀerence of a laser photon relative
to a pump photon:
qdefect =
(
1− λpump
λlaser
)
· 100. (2.6)
Equation 2.6 eﬀectively describes the minimum amount of pump energy that is converted
into heat within the gain medium (Pollnau et al., 1998b). Figure 2.7 depicts a practical
example for the the Nd3+-ion within an YLF lattice demonstrating the heat generating
mechanisms. For the practical example in Figure 2.7 we have a quantum deﬁciency q =
23.5% for lasing at 1053 nm and q = 38.7% for lasing at 1314 nm. Using pump and laser
wavelengths which are further apart thus leads to increased heat generation.
Non-radiative decay and ﬂuorescence occurs when an excited ion does not decay via
stimulated emission. The contribution from these eﬀects becomes very small if there is a
good overlap between the pump and laser modes and the laser is operated far above the
lasing threshold (Pollnau et al., 1998b). In diode end-pumped lasers these eﬀects are near-
negligible due to the good spatial overlap between the pump and laser modes that can be
achieved within the gain medium.
The absorption of pump light into other levels than the intended pump band occurs
especially when employing sources with:
 a narrow band, but with a pump photon energy not matching the desired energy
transition within the gain medium ions
 a wide line width or continuum spectral emission
These eﬀects lead to the ground-state gain medium ions being excited to levels other than
that of the desired pump band. Such excitations will not contribute to a population inversion
(and thus not to stimulated emission) but only lead to heat generation. Using laser diode
pump sources optimises absorption into the pump band because they have line widths of a
few nanometres and can usually be chosen and controlled to emit close to the desired pump
wavelength.
Excited State Absorption (ESA) is the process whereby an excited ion absorbs either a
pump or laser photon due to the existence of multiple higher-energy levels. This process
for Nd:YLF is illustrated in Figure 2.8, where a pump photon excited it to the 4F3/2 state.
The higher-energy levels can have an energy diﬀerence with some excited state (eg. the
4F3/2 state) which is near the energy of pump and / or laser photons. Some ions are then
excited into these higher energy states and decay both radiatively and non-radiatively back
to either the metastable or ground states. At least one pump or laser photon is therefore
lost (depending on which one was absorbed), its energy being transferred to heat in the
crystal. The eﬀects of ESA are an increase in heat as well as ﬂuorescence in the crystal
during lasing.
Energy Transfer Upconversion (ETU), sometimes referred to only as upconversion, is the
process whereby an excited ion relaxes to a lower level by transferring its energy to a nearby
ion which was already in the metastable excited state. ETU processes therefore convert two
(or more) excited ions into a single higher-energy excited ion. This process is illustrated by
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Figure 2.8: Excited State Absorption (ESA) as it can occur within the energy level scheme of
Nd:YLF (Pollnau et al., 1998b). The dashed lines depict some possible heat-generating transitions
(via multi-phonon relaxations), the solid lines indicate transitions involving photons.
Figure 2.9 for the case of Nd:YLF and was adapted from Pollnau et al. (1998a,b). Both Nd
ions are in the excited 4F3/2 state due to pump photon absorption. Nd ion 2 can absorb
the energy, equivalent to a laser-transition energy, from Nd ion 1, placing it in either the
4G7/2 or
2G9/2 state. A photon that would have contributed to laser action is therefore lost
to a neighbouring excited ion which then converts this energy to heat. The process of ETU
reduces the population of the upper laser level, thus shortening the apparent metastable
lifetime (τ21 in Figure 2.2). It also increases the heat generation within the gain medium.
To decrease ETU one can use a lower doping concentration to increase the Nd3+ inter-ionic
distance (Bollig et al., 2010). Such a longer inter-ionic distance decreases the probability of
the energy transfer between two Nd-ions taking place. A lower doping concentration also
results in an increase in the absorption length of the pump light and thus necessitates the
use of pump sources of suﬃciently high beam quality as well as longer gain media to achieve
high eﬃciency.
2.5.2 Cooling of end-pumped crystals
All lasers that are pumped by optical means experience at least some detrimental thermal
eﬀects as a result of the various processes described in Section 2.5.1. Excessive heat build-up
within the gain medium is the typical result and it is therefore necessary to extract this excess
heat from the medium. Gain media are usually cooled by transferring heat from the crystal
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Figure 2.9: Energy transfer upconversion (ETU), as occurring within the energy level scheme of
Nd:YLF (Pollnau et al., 1998b,a; Koechner, 1999). The dashed lines depict some possible heat-
generating transitions (via multi-phonon relaxations), the solid lines indicate transitions involving
photons. Nd-ion 1 (left) depicts a process without upconversion, while neighbouring Nd-ion 2
depicts the upconversion mechanism.
Figure 2.10: Uniform radial heat extraction from a cylindrical crystal rod.
to an externally-cooled heatsink. Side-cooling (cooling of the surfaces that are parallel to
the propagation direction z of the laser mode) is the most commonly employed cooling
method. Side-cooling is ideally suited for diode end-pumped solid-state lasers, as discussed
in Section 2.4. Figure 2.10 illustrates side-cooling of end-pumped gain media. Utilising a
round crystal rod has an advantage over other crystal shapes since it results in a near
rotation invariant temperature distribution within the gain medium. Since the thermal
eﬀects ultimately inﬂuence the laser beam shape and quality, this type of temperature
distribution should result in fewer detrimental eﬀects than for other crystal shapes and
cooling schemes. Figure 2.11 illustrates a modelled radial and longitudinal temperature
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Figure 2.11: The temperature distribution for a cross-section through an Nd:YLF laser rod,
which is pumped from the left by a top-hat beam with a radius of 500 μm, as partially simulated
in LAS-CAD (LAS-CAD Altmann and Altmann, 2005).
distribution of an end-pumped Nd:YAG laser rod, using the commercial software package
LAS-CAD (Altmann and Altmann, 2005). The highest temperature is found where the
pump beam enters the gain medium, which also indicates where most of the pump photons
are absorbed.
2.5.3 Eﬀects resulting from heat generation
The combination of laser crystal heating (Section 2.5.1) and cooling (Section 2.5.2) leads to a
non-uniform temperature distribution within the laser crystal, as can be seen in Figure 2.11.
Heat builds up in a gain medium whilst being pumped, creating a temperature gradient
which has several eﬀects:
 The refractive index n is temperature dependent. The non-uniform temperature distri-
bution within the laser crystal therefore causes a non-uniform refractive index through-
out the volume of the crystal
dn(r, z)
dT
6= 0. (2.7)
This leads to a lensing eﬀect (of either a positive or negative focal length) along the
z-axis. In Nd:YAG this eﬀect is the most dominant contributor to thermal lensing
(Clarkson, 2001).
 Diﬀerential thermal expansion occurs because of a temperature gradient within the
crystal. This eﬀect is even more complex for crystals which have diﬀerent thermal
expansion coeﬃcients for the a- and c-axis. Furthermore, these thermal expansion co-
eﬃcients may also be temperature dependent (Hardman et al., 1999). The diﬀerential
thermal expansion of the crystal eﬀectively leads to a bulging of the crystal end-face
which is pumped, implying a positive lensing eﬀect along the z-axis. This is denoted
by the thermal expansion coeﬃcient
αth =
1
L
dL
dT
> 0, (2.8)
with L the length of the material.
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Figure 2.12: An example of the inﬂuence of thermal lensing on resonator stability. If all thermal
lensing eﬀects can be summarised by a single lens in the centre of a concave-ﬂat resonator, we have
for increasing thermal lens strength: a) no thermal lensing, b) an intermediate thermal lens, and c)
a strong thermal lens, that makes this resonator unstable. The diagrams were partially simulated
in Psst! (Dunn et al., 2014).
 The diﬀerential thermal expansion of the crystal leads to internal stresses, which con-
tributes to a change in refractive index (Weber et al., 1999). The resulting gradient
of refractive index within the material also causes a lensing eﬀect (of either a positive
or negative focal length) along the z-axis
dn(r, z)
dz
6= 0, dn(r, z)
dr
6= 0, (2.9)
with r the radial distance from the z-axis. For Nd:YAG, this eﬀect has the smallest
contribution to the overall thermal lens (Weber et al., 1999).
It is therefore clear that thermal eﬀects within laser crystals result in lensing via various
mechanisms. Thermal lensing has an impact on the properties and mode of the resonator as
well as laser output, an example is depicted in Figure 2.12. One can summarise all thermal
lens eﬀects to a single lens in the centre of a concave-ﬂat resonator. While this resonator
has stable operation when no thermal lensing eﬀects are present, an increase in the thermal
lens strength will eventually lead to the resonator becoming unstable. These eﬀects can,
however, be controlled and the impact minimised by using various means. These include
the use of round pump beams to end-pump round rods (to keep thermal eﬀects rotation-
invariant along the z-axis), lowering the doping concentration within gain media, employing
certain suitable pump and laser wavelengths and implementing proper side-cooling of such
setups. With birefringent gain media the two polarisations usually have diﬀerent emission
wavelengths as well as diﬀerent thermal lensing properties, which can be exploited to help
minimise detrimental thermal eﬀects (see Section 2.6).
Thermal fracture (see Figure 2.13) is the ultimate limitation on pump power. As the
pump power is increased, more heat builds up in the crystal and thermal eﬀects become
more pronounced. Especially the diﬀerential thermal expansion leads to internal stresses in
the crystal material. Excessive diﬀerential thermal expansion will eventually lead to crystal
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Figure 2.13: A fractured Nd:YLF crystal from one of our experiments. The 6mm diameter rod
fractured about 15mm from the pump face, near the pump beam focus point.
fracture, where this type of fracture is referred to as thermal fracture. Optical distortions of
the laser beam due to thermal eﬀects usually occur before this upper pump power limit is
reached. Thermal eﬀects therefore determine the upper limits on the maximum achievable
output power from diode end-pumped solid-state laser rods (Cousins, 1992).
2.6 Laser wavelength selection
Solid-state laser gain media generally have numerous possible lasing wavelengths, due to their
multitude of available energy levels. These possible emission wavelengths can be depicted
and statistically quantiﬁed by emission spectrum diagrams, such as the diagrams for Nd:YLF
in Section 3.2. The stimulated emission build-up of photons within the resonator starts with
all these wavelengths being ampliﬁed. The intensity levels of the wavelength with the highest
emission cross-section σem quickly increases to such an extent that it extracts all available
energy from the excited ions, leaving little or no excited ions for ampliﬁcation of other
wavelengths. There are several ways, however, to select a laser wavelength which has a
lower emission cross section, some of them are utilising specially coated mirrors, thermal
lensing eﬀects or wedged crystals for birefringent gain media.
Specially coated mirrors with either broad-band or narrow-band (one or more) reﬂection
or transmission properties are available or can be manufactured for use in laser systems.
To diode end-pump a solid state gain medium one typically employs a mirror which is
highly transmissive at pump wavelengths (usually ≤ 1µm) and highly reﬂective for laser
wavelengths (usually ≥ 1µm). By choosing the mirror to have a high reﬂectance only for a
certain wavelength region, one can ensure that only the wavelength with the highest emission
cross-section σem in that chosen wavelength region is ampliﬁed by stimulated emission at
the laser threshold level.
In birefringent crystals, thermal lensing strengths may be diﬀerent along the various
crystal axes. Speciﬁcally the a and c-axis have diﬀerent refractive indices (no 6= ne), diﬀerent
thermal expansion coeﬃcients, and diﬀerent corresponding emission wavelengths(λo 6= λe).
The diﬀerent wavelengths thus experience diﬀerent eﬀective thermal lenses and one can force
the laser to operate on the wavelength with the better thermal lensing properties. One way
to exploit this eﬀect is by designing the resonator in such a way that it will only be stable
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Figure 2.14: An example of the inﬂuence of thermal lens strength on resonator stability. This
eﬀect can be used in birefringent gain media for wavelength selection. In this example, the ﬂat-ﬂat
resonator can be set up to enable lasing only on the wavelength (polarisation) with the weaker
thermal lens. The diagrams were partially simulated in Psst! (Dunn et al., 2014).
for the desired wavelength (of one polarisation) but unstable for the other wavelength (on
the other polarisation). An example is given in Figure 2.14.
Some other methods of wavelength selection include etalons and gratings. An intra-
cavity tilted etalon is a versatile resonator mode selector due to it's simplicity. If an etalon
is suﬃciently tilted within the resonator, it only acts as a bandpass transmission ﬁlter and
has no other inﬂuence on the resonator. Diﬀraction gratings can also be employed within
laser resonators to aid wavelength selection. Classical plane gratings are good at dispersing
diﬀerent wavelengths. Within a laser resonator a plane grating can thus be used to select
the resonating wavelength. Volume Bragg gratings (VBGs) are gratings within transparent
media, which will reﬂect an incident beam if the Bragg condition is met, otherwise the beam
passes through the material nearly undisturbed. The Bragg condition can be met when the
eﬀective grating spacing (due to the incidence angle) becomes an integer multiple if the
incident wavelength.
2.7 Pulsing of lasers using Q-switching
Many diﬀerent techniques can be employed to generate pulsed laser output from solid-state
lasers. Amongst the most commonly used are active pulsing by means of an Acousto-Optic
Modulator (AOM) and passive pulsing by means of a saturable absorber, these devices
operate by changing the quality factor Q of a resonator. The Q of a resonator is deﬁned
as the ratio of energy stored in the cavity to the energy loss per cycle (Koechner, 1999).
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A higher Q-value therefore implies lower resonator losses. By modulating the Q-value of a
resonator one can control whether lasing action occurs or not. Lasers can be Q-switched
by various means such as mechanical mechanisms, electro- and acousto-optical elements as
well as passive Q-switching by means of saturable absorbers.
The process of Q-switching occurs as follows (Koechner, 1999; Paschotta, 2015):
 The initial losses of a resonator is kept at a high level (a low Q) so that laser action
is prohibited (see Figure 2.15). Pump energy is absorbed by the gain medium and
a build-up of energy occurs within it. This energy build-up is only limited by the
spontaneous emission of the excited atoms. With continuous pumping one can obtain
a population inversion at a level far above the threshold for normal lasing operation.
 The losses are suddenly changed to such a low level (a high Q) that laser action may
occur. A very high gain is obtained by the high level of energy stored within the gain
medium. The process of stimulated emission along the optical axis of the resonator
therefore builds up a large photon ﬂux at an exponential rate.
 The peak photon ﬂux is reached and then rapidly decreases after this.
 Q-switched lasers are usually set up to repeat this process and generate regular pulse
trains as a result.
Q-switching can therefore be used to obtain laser pulses by modulating the intra-cavity losses
and this technique is mainly used to obtain high-energy nanosecond-level pulses from solid-
state lasers. To obtain pulses of picosecond-level durations, one must employ mode-locking
together with Q-switching. It operates on the principal that various eﬀects inﬂuencing a
circulating laser pulse are in balance - the pulse parameters are then unchanged after each
round-trip and a regular pulse train is emitted as the pulse hits the output coupler.
A short discussion of AOMs and saturable absorbers follows since these devices were
used in the experimental work as described in Chapters 4 and 5.
2.7.1 Active Q-switching with an Acousto-Optic Modulator
Active Q-switches in the form of AOMs are manufactured from a transparent optical mate-
rial such as fused silica. Such an AOM device is then placed within the resonator so that the
optical z-axiz runs through it, in such a way that it does not inhibit lasing action. When an
ultrasonic wave is launched through the optical material of the AOM, it acts as an optical
phase grating due to the photo-elastic eﬀect which modulates the index of refraction. The
AOM can then refract a portion of a beam to diverge from the resonator z-axis, thereby
providing an energy loss which lowers the Q-value of the resonator. A suﬃcient lowering of
the resonator Q-value will inhibit lasing action to occur (see Figure 2.15). When the ultra-
sonic wave is removed, the material returns to the normal unperturbed state which increases
the Q-value of the resonator and lasing action can resume. A piezo-electric transducer is
typically used to generate the ultrasonic wave. This component is controlled by supplying
it with an electric current that varies at Radio Frequencies (RF) in the MHz range. The
Stellenbosch University  https://scholar.sun.ac.za
CHAPTER 2. THEORETICAL OVERVIEW OF LASER OPERATION 25
Figure 2.15: Creating a laser pulse by active Q-switching, in terms of the gain and losses.
external control of the resonator Q-value classes an AOM as an active device and lasers
using such an optical element are called actively Q-switched.
2.7.2 Passive Q-switching with a saturable absorber
A saturable absorber is an optical material which becomes more transparent as the incident
ﬂuence increases. At high incident intensities, the material saturates (or bleaches), which
results in the material appearing to be nearly transparent. This process of bleaching oc-
curs due to the saturation of a spectral transition within the saturable absorber (refer to
Section 4.2.1 for an example). A saturable absorber has varying absorption rates at various
wavelengths and typically an absorber which has a high absorption at the lasing wavelength
is used. Placing such a saturable absorber within a resonator will initially inhibit laser
oscillation due to the absorption loss it introduces (low resonator Q-value, see Figure 2.16).
The pump energy therefore builds up in the gain medium which increases the gain. As soon
as this gain exceeds the round-trip losses the intra-cavity photon ﬂux increases exponen-
tially which cause the absorber element to saturate and become more transparent at that
wavelength. This increases the resonator Q-value and a laser pulse forms. Since this process
happens spontaneously without any external control or inﬂuence, pulsed lasers of this type
are called passively Q-switched. Using such optical elements allows one to obtain a pulsed
laser of a very simple design in a compact setup.
2.8 Summary
This chapter provided an introduction to stimulated emission and how it can lead to laser
action on macroscopic level. Various components required to obtain laser actions were
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Figure 2.16: Creating a laser pulse by passive Q-switching, in terms of the gain and losses.
discussed and the advantages of diode end-pumped solid-state lasers were highlighted. An
overview of heat generation within solid state lasers was given together with the eﬀects
resulting from it, as well as methods to mitigate these eﬀects. Q-switching as a method to
create pulsed laser output was also discussed.
In the next chapter Nd:YLF as a laser gain medium will be discussed in terms of its
various properties, towards the implementation of a diode end-pumped solid-state laser.
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Chapter 3
Nd:YLF properties and 1.3 µm operation
Solid-state laser gain media consist of a crystal host material (substrate) which has been
doped with an element from the transition metals or lanthanides. The most commonly
used host material is Yttrium Aluminium Garnet (YAG) which is isotropic (properties are
invariant along all three crystallographic directions). Other host materials include Yttrium
Orthovanadate (YVO4) and Yttrium Lithium Fluoride (YLF) which are uni-axial (the prop-
erties for one crystallographic axis is diﬀerent than for the other two). The process of doping
replaces a certain percentage of one of the elements within the host material with a dopant
element. Neodymium (Nd) is the most common dopant and others include Holmium (Ho),
Thulium (Tm), Yttrium (Y) and Ytterbium (Yb). The combination of a host material and
dopant is depicted by [dopant] : [crystal host], thus Neodymium-doped Yttrium Lithium Flu-
oride is depicted as Nd:YLF. The exact spectroscopic properties of the resulting gain media
are determined by the dopant and perturbed by the crystal host (Koechner, 1999). The
energy levels and transition rates of a transition metal dopant (such as Nd) are strongly
inﬂuenced by the crystal ﬁeld due to the electron energy-level structure of these transition
metals. The YLF host material is known for its long upper state lifetime (τ21) and weak
thermal lensing. Crystal host materials doped with Nd have strong emission lines in the
1.0 and 1.3µm region (Koechner, 1999). An Nd-doped YLF substrate (Nd:YLF) combines
these properties and is therefore an ideal gain medium if one desires high pulse energies with
good beam quality in either the 1.0 or 1.3µm wavelength regions.
This chapter provides an overview of Nd:YLF which was used in the experimental work
described in Chapters 4 and 5. Nd:YLF as an active material is discussed in terms of its
material and spectroscopic properties as well as its various thermal lensing mechanisms.
Speciﬁc focus on 1314 nm operation of Nd:YLF lasers follows.
3.1 Material properties
Table 3.1 compares Nd:YLF with two commonly used laser crystal materials: Nd:YAG and
Nd:YVO4. The material hardness is the lowest for Nd:YLF at 4 - 5Mohs and the highest for
Nd:YAG at 8 - 8.5Mohs. Similarly, the tensile strength is the lowest for Nd:YLF at 33MPa
and the highest for Nd:YAG at 200MPa. These low values for Nd:YLF indicate a greater
27
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Material / Property Nd:YLF Nd:YAG Nd:YVO4
Chemical Formula Nd:LiYF4 Nd:Y3Al5O12 Nd:YVO4
Crystal structure tetragonal cubic tetragonal
Nd atoms [cm-3]
(1% at. doping)
1.4×1020 1.36×1020 1.26×1020
Density ρ [g cm-3] 3.99 4.56 4.22
Hardness [Mohs] 4 - 5 8 - 8.5 5 - 6
Young's modulus
EYM [GPa]
75 280 133
Tensile Strength [MPa] 33 200 53
Poisson's ratio νpoisson 0.33 0.25 0.33
Melting Point [K] 1098 2243 2083
Thermal. conductivity
kth [WK
-1m-1]
5.8 (c)
7.2 (a)
12
9.0 (c)
12.0 (a)
Thermal expansion coeﬀ.
αth [K
-1]
8× 10-6 (c)
13× 10-6 (a) ∼ 8× 10
-6 11× 10-6 (c)
4.4× 10-6 (a)
Refractive index n
(λ ∼1.06µm)
ne = 1.470 (c)
no = 1.448 (a)
1.82
ne = 2.17 (c)
no = 1.96 (a)
Thermo-optical coeﬃcient
dn/dT [K-1]
-4.3× 10-6 (c)
-2.0× 10-6 (a) 7.3× 10
-6 1.05× 10-6 (c)
1.66× 10-6 (a)
Excited state 4F3/2
lifetime τ21 [µs]
520 230 100
Table 3.1: Comparison of the material properties of Nd:YLF, Nd:YAG and Nd:YVO4 (Pollnau
et al., 1998b; Koechner, 1999; Ma et al., 2007; Sato and Taira, 2007; Castech, 2015; Paschotta,
2015).
risk of crystal fracture at higher operating powers, and that care must be taken to manage
internal stresses within the crystal. The cubic crystal structure of Nd:YAG implies that the
material properties are the same along all three crystallographic directions. The tetragonal
crystal structure of Nd:YLF and Nd:YVO4 implies that the properties are the same along
two crystallographic directions (the two a-axis) and diﬀerent along a third direction (c-axis)
(also see Table 2.1). Such tetragonal transmissive optical elements are called uni-axial and
have unique values for the c-axis properties of thermal conductivity, the thermal expansion
coeﬃcient, the refractive index and the thermo-optical coeﬃcient:
κth(c) 6= κth(a), αth(c) 6= αth(a), ne 6= no and dne
dT
6= dno
dT
. (3.1)
Nd:YLF has a relatively low thermal conductivity of 5.8 and 7.2WK-1m-1for the c- and
a-axis respectively, so special care must be taken to implement proper cooling mechanisms for
such crystals. The thermal expansion coeﬃcient of Nd:YLF along the c-axis is similar to that
of Nd:YAG, but nearly double as much at 13×10−6K-1 along it's a-axis. The thermo-optical
coeﬃcient of Nd:YAG is positive and much larger than for Nd:YVO4, where for Nd:YLF it is
negative with values -4.3 and −2.0×10−6K-1 for the c- and a-axis respectively. The excited
state lifetime τ21 for the
4F3/2 multiplet of Nd:YLF is more than double that of Nd:YAG and
5 times more than for Nd:YVO4. The long excited state lifetime of Nd:YLF is of particular
interest since it implies that during Q-switched opertation, higher pulse energies could be
achieved due to the longer energy storage time.
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Property \ Material Nd:YLF Nd:YAG Nd:YVO4
Main 1.0µm emission
line(s) [nm]
1047 (pi)
1053 (σv)
1064 1064 (pi and σv)
Main 1.0µm emission
cross-section σem [cm
2]
22× 10−20 (pi)
14× 10−20 (σv) 29× 10
−20 123× 10−20 (pi)
52× 10−20 (σv)
Main 1.3µm emission
line(s) [nm]
1314 (σv)
1321 (pi)
1339
1343 (pi)
1344 (σv)
Main 1.3µm emission
cross-section σem [cm
2]
2.4× 10−20 (σv)
2.3× 10−20 (pi) 7× 10
−20 32× 10−20 (pi)
13× 10−20 (σv)
Table 3.2: A comparison between Nd:YLF, Nd:YAG and Nd:YVO4 in terms of spectroscopic
properties (Czeranowsky, 2002).
3.2 Spectroscopic properties
Table 3.2 lists a comparison of the main spectroscopic properties of Nd:YLF with those
of Nd:YAG and Nd:YVO4. The main emission lines for Nd:YLF in both the 1.0µm and
1.3µm wavelength regions are typically at a slightly lower wavelength than for Nd:YAG and
Nd:YVO4. Nd:YLF also has lower emission cross-sections than Nd:YAG and Nd:YVO4 for
all it's main emission wavelengths. However, the 1.3µm emission lines of Nd:YLF at 1314
and 1321 nm are of interest due to their various application possibilities. These wavelengths
can not be obtained easily with either Nd:YAG or Nd:YVO4 (see Section 1.2.2).
The absorption spectra of Nd:YLF are depicted in Figure 3.1. The main absorption
regions are at 785 - 815 nm and 855 - 885 nm. The strongest absorption lines, in decreasing
order of strength, are at ∼792 nm, 798 nm and 863 nm for the pi-polarization and at ∼798 nm,
806 nm and 809 nm for the σv-polarization. Pumping at the strongest absorption cross section
σabs of 792 nm requires the pump to be polarised because the pi-polarization absorption is an
order of magnitude stronger than for the σv-polarization absorption. At 805.5 nm the absorp-
Figure 3.1: The absorption spectra of 1% at. doping Nd:YLF, as adapted from Czeranowsky
(2002). The yellow band indicates the emission range of the pump diode modules (as used in the
experimental work in Chapters 4 and 5), the orange arrow and line indicates the selected pump
wavelength.
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Figure 3.2: Emission spectra of Nd:YLF as adapted from Czeranowsky (2002). The orange
arrow and line indicates the resonating wavelength chosen for the experimental work described in
Chapters 4 and 5.
tion is the same for both the pi- and σv-polarisations and one may then use an unpolarised
pump source, such as the ﬁbre-coupled laser diode modules discussed in Section 2.4. The
absorption at 805.5 nm is, however, about ﬁve times lower than for 792 nm. This results in
a longer absorption length along the z-axis of the laser gain medium, causing the heat load
being spread longitudinally along the crystal. This heat load distribution reduces internal
stresses within the crystal and subsequently lowers the risk of thermal fracture.
The emission spectra for Nd:YLF in the 1.0 and 1.3µm regions are depicted in Fig-
ure 3.2. The strongest emission lines in the 1.0µm region are at 1047 nm and 1053 nm for
the pi- and σv-polarizations, with respective emission cross-sections σem of 22 × 10−20 cm2
and 14 × 10−20 cm2. The strongest emission lines in the 1.3µm region are at 1314 nm
and 1321 nm for the σv- and pi-polarizations, with respective emission cross-sections σem of
∼ 2.4 × 10−20 cm2 and ∼ 2.3 × 10−20 cm2, which is about an order of magnitude less than
for 1.0µm operation. Operating a Q-switched Nd:YLF laser at 1.0µm one can therefore
expect a pulse energy of up to an order of magnitude more than for 1.3µm. In a resonator
that has been specially designed to favour 1.3µm oscillation, lasing can easily occur on both
1314 and 1321 nm simultaneously since the emission cross sections for these wavelengths are
very similar. Taking special care with the resonator design to favour a weaker or stronger
thermal lens is therefore necessary (see Section 2.6).
A partial energy level diagram for Nd:YLF is depicted in Figure 3.3. It indicates the
most relevant pump, laser and heat-inducing transitions via the processes of multi-phonon
releasing decay, ﬂuorescent decay, ETU and ESA (see Section 2.5.1). Two metastable levels
exist: the normal lasing upper-state level 4F3/2 with a lifetime of τ21 ∼ 520µs and the 2P3/2
manifold with a lifetime of ∼ 30µs (Zuegel and Seka, 1999). All other levels have short
(τ < 10ns) lifetimes and decay via multi-phonon (non-radiative) or ﬂuorescent emissive
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Figure 3.3: A partial energy level diagram of Nd:YLF, depicting processes most relevant to 1.0
and 1.3µm operation. Adapted from Chuang and Verdun (1996) with additions from Fornasiero
et al. (1999) and Zuegel and Seka (1999).
transitions.
The dominant mechanism for populating the 4G7/2 multiplet is ETU of 1.0µm and
1.3µm photons (Chuang and Verdun, 1996). The processes of ETU in Nd:YLF mostly
leads to visible ﬂuorescence due to the decay of the 4G7/2 multiplet to lower energy levels.
The process of ETU is typically only observed with lasers which are intensely pumped by
laser diode modules (Zuegel and Seka, 1999). There is a rapid decline in ETU interaction
rates as inter-ionic distances increase and this interaction rate is expected to vary linearly
with the doping concentration (Zuegel and Seka, 1999). One can therefore reduce ETU in
diode-pumped Nd:YLF by lowering the Nd3+ doping concentration.
The process of ESA can usually only occur from the 4G7/2 level by the transfer of a
1.0µm or 1.3µm photon. During CW operation of Nd:YLF at either 1.0µm or 1.3µm the
eﬀect of ESA is negligible, especially during moderate pumping conditions (Fornasiero et al.,
1999). Furthermore, the ESA is small for pump photons of 803 and 797 nm and negligible
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for 792 nm. Only when excitation levels within Nd:YLF become high, ESA becomes relevant
and this is typically only observed during Q-switched operation (Fornasiero et al., 1999).
During these conditions ESA plays a major role in populating higher level manifolds, thus
having a strong inﬂuence on pulsed operation (Chuang and Verdun, 1996). The measurement
of blue ﬂuorescence by Chuang and Verdun (1996) indicated that ESA of 1.0µm or 1.3µm
photons from the 4G7/2 level may explain the lower than expected eﬃciency of Q-switched
Nd:YLF lasers.
3.3 Thermal lensing
Considering thermal lensing eﬀects within Nd:YLF, one has to consider both heat generating
mechanisms, heat ﬂow and the eﬀects resulting from this. As explained in Section 2.5,
thermal eﬀects lead to gradients in temperature, refractive index change and internal stresses
which all cause laser beam degradation - these eﬀects can lead to thermal fracture at higher
pump power levels.
Heat generation mechanisms within Nd:YLF include the quantum defect, ETU and ESA
(see Sections 2.5.1 and 3.2). When pumped at 805.5 nm, the quantum defect for Nd:YLF
oscillating at 1.0µm is ∼ 23% and for 1.3µm oscillation it is ∼ 39% . The contribution
of ETU can be limited by either operating the laser in CW mode, by lowering the pump
intensity or decreasing the doping concentration of the active medium (see Section 3.2). The
eﬀects of ESA only become relevant if ETU occurs since the ESA originates from an energy
manifold that can only be populated by ETU processes. Minimising ETU will therefore
automatically inhibit ESA from occuring. A higher level of heat generation due to ETU
can, however, be expected for 1.0µm compared to 1.3 µm operation due to the additional
multi-phonon decay from the 4G(1)9/2 to the
4G7/2 level.
The thermal conductivity coeﬃcient κth describes the heat ﬂow within the laser gain
medium and since Nd:YLF is uni-axial it has values κth(c) = 5.8WK
-1m-1 and κth(a) =
7.2WK-1m-1 along the c- and the two a-axis respectively. This results in a non-uniform
heat ﬂow within Nd:YLF. For a-cut rods mounted with the c-axis horizontally (as was the
case for the experimental setups in Chapters 4 and 5), a larger heat ﬂow will occur in the
vertical direction.
The resulting temperature gradients along the c- and the 2 a-axes lead to diﬀerential
thermal expansions, diﬀerential thermo-optical coeﬃcients and diﬀerential internal stresses
(see Section 2.5.3). The diﬀerential thermal expansion coeﬃcients αth(a) 6= αth(c) cause a
bulging of the end-face but with diﬀerent focal lengths along the 2 crystallographic directions
of the crystal face. This toric lensing eﬀect distorts a laser beam to be larger along the
one axis than the other, making it astigmatic (see Figure 3.4). The index of refraction is
temperature dependent and dne/dT 6= dno/dT for Nd:YLF, which leads to a lensing eﬀect
with diﬀerent focal lengths for diﬀerent polarisations. Internal stresses resulting from the
diﬀerential thermal expansion cause gradients in the refractive indices along the c- and a-
axis, also resulting in diﬀerent lensing strengths for e- and o-rays. Since the laser usually
resonates only on one polarisation, the resulting laser beam experiences only the lensing
eﬀect due to refractive index gradients along its own polarisation axis.
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3.4 Diode-end-pumped 1.3 µm Nd:YLF lasers
Power scaling of 1.0 µm Nd:YLF lasers has been investigated by several groups and eﬃcient
CW and pulsed operation at sub-100W powers has been demonstrated (Bollig et al., 2010;
Wetter and Deana, 2015). Power scaling of 1.3µm Nd:YLF is more diﬃcult due to the
the larger quantum deﬁciency as well as the lower emission cross-section σem in this wave-
length region. High-power lasers at 1.3µm has various ﬁelds of application, as discussed in
Section 1.2.2. For 1.3µm Nd:YLF, however, the larger quantum deﬁciency implies a higher
heat load and proper cooling mechanisms should be employed. The long excited 4F3/2 state
lifetime τ21 partially compensates for the low emission cross-section since the laser thresh-
old pump power is inversely proportional to the στ -product: Pthreshold ∝ (σemτ21)−1 (see
Equation 2.5 and Bollig (1997)). The eﬃciency is controlled by the pump beam radius - a
smaller pump beam radius leads to higher energy densities and therefore higher eﬃciencies.
However, decreasing the pump beam radius holds the risks of optical damage and thermal
fracture and this necessitates a careful resonator and pump beam diameter design (Bollig
et al., 2010). Combining a lower threshold with a relatively high slope eﬃciency will then
provide more eﬃcient power scaling of 1.3µm Nd:YLF.
Nd:YLF has the potential to deliver high pulse energies with a relatively good beam
quality. High-power and high-energy 1.3µm lasers have a wide range of applications (see
Section 1.2.2) and can help in obtaining the best beam quality that can be expected from
1.3µm Nd:YLF lasers (a lower limit to M21.3) due to thermal eﬀects. Since 1.3µm operation
results in a worse thermal load than for 1.0µm operation, the achieved M21.3 will deﬁne an
upper limit to the M21.0 for 1.0 µm operation:
M21.0 < M
2
1.3. (3.2)
Furthermore, one can expect an order of magnitude higher pulse energies from a Q-switched
1.0µm Nd:YLF laser than for 1.3µm operation due to the diﬀerence in the respective σem-
values. Determining an upper limit ofM21.0 and a lower limit to the 1.0µm Q-switched pulse
energy will help determine the potential for Nd:YLF to be investigated further as a laser
source for Lunar Laser Ranging (see Section 1.1). Especially the σv-polarization 1314 nm
oscillation is of interest due to the associated weakly negative thermo-optical coeﬃcient
dno/dT of −2.0 × 10−6K-1, which should partially compensate for the crystal end-face
bulging.
Figure 3.4: The astigmatic intensity proﬁle of an 1314 nm Nd:YLF laser beam as measured during
our experimental work.
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Figure 3.5: The inﬂuence of the doping concentration on the temperature inside the Nd:YLF
crystals. We partially simulated this image in LAS-CAD (LAS-CAD Altmann and Altmann, 2005).
Figure 3.6: A photo of a dual-crystal resonator setup in which the laser crystals are cooled by
means of water-cooled copper blocks. The ﬂat resonator folding mirror in this photo allows for the
pumping of two crystals through it.
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Figure 3.7: A basic schematic of a diode-end-pumped 1.3 µm Nd:YLF laser resonator setup.
Since thermal eﬀects are more pronounced with 1.3µm operation, one has to a lower dop-
ing concentration of the active medium and employ proper cooling mechanisms. Figure 3.5
depicts our simulation for a 75W pump beam with a diameter of 1.0mm and a top-hat
beam proﬁle at the crystal face, for 2 doping levels of 6mm diameter Nd:YLF crystals. A
lower doping concentration has the dual eﬀects of spreading out the heat load longitudinally
along the pump-beam (z-axis) as well as lowering thermal eﬀects due to ETU and ESA (see
Section 3.3). A lower doping concentration will, however, lead to lower eﬃciencies and longer
pulse durations during Q-switched operation (thus implying a lower peak power and pulse
energy) (Esser, 2005). Figure 3.6 is a photo of a resonator setup with laser crystals which
are cooled by means of water-cooled copper blocks, to help alleviate the thermal eﬀects,
especially during 1.3µm operation.
A basic 1.3µm Nd:YLF resonator setup is depicted in Figure 3.7 and forms the basis of
the experimental work described in this thesis. Laser diode modules are used in an end-
pumped conﬁguration (see Section 2.4) to excite the active medium with ∼ 805 nm light (see
Section 3.2). Operation will be forced on the 1.3µm emission lines (which has a lower cross-
section than the 1.0µm lines) by employing resonator optics which are highly transmissive
at 1.0µm and highly reﬂective at 1.3µm (see Section 2.6). Furthermore, the σv-polarization
1314 nm wavelength can be selected by designing the resonator to only be stable for the
weaker thermal lens associated with the a-axis.
3.5 Summary
As a laser host material Nd:YLF has the potential to deliver high pulse energies due to
the long excited state 4F3/2 lifetime τ21 ∼520µs compared to τ21 ∼ 230µs for Nd:YAG
and τ21 ∼ 100µs for Nd:YVO4. The emission cross-sections (σem) for Nd:YLF on the σv-
polarization is ∼ 14.0 × 10−20cm2 at 1.0µm and ∼ 2.3 × 10−20cm2 at 1.3µm. Compared
to the σem values for Nd:YAG, it is about half of the strongest 1.0 µm value and a factor
of 3 less than that of Nd:YAG at 1.3µm (Czeranowsky, 2002). Due to the lower σem for
Nd:YLF, power scaling such lasers is more diﬃcult than for Nd:YAG, especially for 1.3µm
operation. Operating an end-pumped Nd:YLF laser on the σv-polarization is attractive
because of the weak netto thermal lens it exhibits, resulting in good beam quality over a
wide range of output power. The σemτ21 product for 1314 nm Nd:YLF enables a reasonably
low threshold, while the eﬃciency is controlled by the pump beam radius.
By using a relatively low Nd doping concentration within the YLF base crystal, one can
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reduce upconversion and spread out the thermal load longitudinally in the crystal, which
increases the thermal fracture pump limit (Clarkson et al., 1998; Bollig et al., 2010). A
lower doping also reduces the thermal eﬀects due to ETU and ESA. Furthermore, Nd:YLF
crystals grown by the Czochralski method have a longitudinal gradient in doping, resulting
from the physical crystal growth process. Pumping from the lower-doping side of the crystal
further lowers the risk of thermal fracture Bollig et al. (2008).
Forcing Nd:YLF to resonate on the σv-polarization wavelength of 1314 nm will allow us
to quantify the best beam achievable (a lower limit to M21.3) for 1.3 µm operation. Since
1.3µm operation results in a worse thermal load than for 1.0µm operation, the achieved
M21.3 will deﬁne an upper limit to the M
2
1.0 for 1.0µm operation. Furthermore, an order
of magnitude higher pulse energy can be expected from a Q-switched 1.0µm Nd:YLF laser
than for 1.3µm operation due to the diﬀerence in the respective σem-values.
The beam quality and pulse energies will give a good indication of the potential use of
Nd:YLF in next-generation laser rangers (see Section 1.1). High-power 1.3µm lasers also
have a wide range of applications in remote sensing and ultra-high resolution spectroscopy.
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Chapter 4
Passively pulsed Nd:YLF laser at
1314 nm
The initial investigation into the high-power CW and high-energy Q-switched operation
of Nd:YLF at 1314 nm is discussed in this chapter. This work was done at Stellenbosch
University. In the light of laser ranging as well as other applications mentioned in Chapter 1,
the potential high pulse energy that can be delivered by Nd:YLF is of interest. We used
a Nd:YLF crystal with a relatively low doping and passively Q-switched it by inserting a
Vanadium Yttrium Aluminium Garnet (V:YAG) crystal within the resonator. The use of
a saturable absorber for Q-switching allows one to develop a high-energy pulsed laser in a
compact package of relatively low cost, compared to actively Q-switched systems. Lower-
cost pulsed 1.3 µm laser sources have various uses, some mentioned in Section 1.2.2.
In this chapter we demonstrate high-power 1314 nm operation of a diode end-pumped
Nd:YLF laser in CW mode as well as in passively Q-switched mode using a V:YAG crystal.
4.1 Resonator for CW operation
The continuous wave 1.3µm operation of Nd:YLF was investigated by operating the oscil-
lator on the 1314 nm σv-polarisation emission line. Operation in the 1.3µm band is more
diﬃcult than for the 1.0µm band because of the lower emission cross-section σem and the
higher quantum defect which leads to increased heat generation (see Section 2.5.1). Pump-
ing was done with a laser diode module (few nm linewidth) using the side-band absorption
line around 805 nm. Figures 3.1 and 3.2 depict the selected absorption and emisssion lines.
The laser crystal consisted of a single a-cut Nd:YLF rod of 0.5% atomic doping (average).
It was 30mm long and 5mm in diameter. This rod was mounted with it's c-axis horizontally,
inside a water-cooled copper block. The pump light source was a ﬁbre-coupled Jenoptic
(JOLD-140-CAXF) laser diode module capable of delivering up to 140W of unpolarised
CW radiation at ∼805 nm into a 600 µm core diameter ﬁbre with a 0.22 Numerical Aperture
(NA) and a beam quality factor of M2 ∼ 230. The output power was limited to ∼45W to
help avoid thermal fracture. The laser diode module was water-cooled to 17°C.
The pump beam waist radius of 0.7mm was determined by us using a gain optimisation
37
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Figure 4.1: The pump setup used to focus the pump beam to the desired beam waist radius of
0.7mm.
Figure 4.2: (a) The resonator design using a weakly negative netto thermal lens. The resonator
mode was determined by a simulation in PSST! (Dunn et al., 2014). (b) The resulting experimental
resonator layout for 1314 nm CW operation.
method (which assumes a good overlap between the pump and laser modes (Bollig et al.,
2010)). A higher pump energy density was used in our setup to achieve proper levels of gain,
due to the lower emission cross section for 1.3µm compared to 1.0µm (see Section 3.2). The
smallest usable diameter was limited, however, due to the optical damage threshold of the
mirrors. The pump light was focussed from the ﬁbre tip by a set of lenses to ﬁrst collimate
and then focus it to the desired beam waist radius (see Figure 4.1). The pump beam had a
Rayleigh length of 12.2mm within the crystal.
The CW resonator (Figure 4.2) was formed by using an r=300mm concave (CC) input
coupler (IC) and an r=200mm convex (CX) output coupler (OC). Since the thermo-optical
coeﬃcient for the 1314 nm σv-polarisation has been reported to be weakly negative (see
Section 3.1) and less dominant than for the 1321 nm pi-polarisation, this resonator will rather
favour oscillations on 1314 nm, even though the polarisations have nearly the same emission
cross-section (see Sections 2.6 and 3.2). This is due to the resonator being unstable for the
stronger negative thermal lens associated with the pi-polarisation of Nd:YLF. The two OCs
used had reﬂections of R = 90% and R = 95%, respectively. The convex-concave resonator
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Figure 4.3: Modelled laser mode size radius at various points within the laser resonator (as
depicted in Figure 4.2) for a range of dioptric powers of the thermal lens. The simulations were
done in the Psst! Laser Resonators package (Dunn et al., 2014).
type was chosen since it allowed a wide range of of laser mode sizes by adjusting the position
of the OC. The IC and OC were chosen to be highly reﬂective (HR) in the 1.3µm region
and highly transmissive (HT) in the 1.0µm region, to ensure lasing of only 1.3µm rather
than the stronger 1.0µm emission lines. The OC position then provided a means to choose
oscillation of only the 1314 nm σv-polarisation which had the weaker thermal lens. All mirrors
used in the resonator were 25mm in diameter and HT for the pump wavelength region of
805 nm. The Nd:YLF crystal was placed within the resonator, close to the IC. The pump
beam was focussed through the IC near the centre of the Nd:YLF crystal. Figure 4.3 depicts
the modelled laser mode size at various positions within the resonator for various thermal
lens dioptric powers.
The diagnostic setup that was used to characterise the CW (Section 4.1) and the sub-
sequent Q-switched (Section 4.2) laser operation is depicted diagrammatically in Figure 4.4.
Mirror 1 reﬂected 98% of the 1314 nm laser emission to a Coherent LM-10 power meter head.
Mirror 2 was used to separate the remaining pump light and laser light. The resulting laser
beam was divided by Mirror 3: part of it was focussed into a ﬁbre, the rest was focussed
into a beam scanner that was used to determine the M2. The ﬁbre was connected to either
a photo-detector (Thorlabs PDA255) to measure the pulse shape (by connecting it to an
oscilloscope during Q-switched operation) or to a spectrometer for wavelength detection.
4.1.1 Results and discussion
The measured CW slope eﬃciencies are shown in Figure 4.5. The highest CW output power
as well as the most eﬃcient operation was achieved with the R= 95% OC with a resulting
optical-to-optical slope eﬃciency of 29%. The laser had an incident pump power threshold
of Ppump=9.25W and a maximum power output of Pout=10.4W. This was 70% higher
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Figure 4.4: Diagramme of the diagnostics setup used for characterising the CW and Q-switched
lasers of Sections 4.1 and 4.2.
Figure 4.5: Optical-to-optical slope eﬃciency of the CW laser output.
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Figure 4.6: (a) The energy levels of V3+associated with saturable absorption in the infrared band
(adapted from Malyarevich et al. (1998)). (b) The absorption spectrum of a V3+:YAG crystal (as
measured by Podlipensky et al. (2003)).
than the best value (6.2W) reported in the literature at that stage (Wei et al., 2012). A
camera that could operate at 1.3µm was not available at that stage, so visual inspection of
the beam was done with an IR beam viewer. It showed that the beam had a symmetrical
Gaussian proﬁle at lower pump power while it became slightly elliptical with the horizontal
radius ∼25% larger than the vertical at higher pump power. This was due to the astigmatic
thermal lensing of Nd:YLF (see Section 3.3). Wavelength measurement indicated that the
laser only oscillated on the 1314 nm σv-polarisation emission line, due to the resonator being
unstable for the stronger negative thermal lens associated with the pi-polarisation of Nd:YLF.
4.2 Passively pulsed operation with V:YAG saturable absorber
4.2.1 Properties of V:YAG as a saturable absorber
The Cr4+:YAG saturable absorber has traditionally been used as a passive Q-switch. How-
ever, the absorption of Cr:YAG is only in the near-IR band of 800 - 1200 nm, which makes
it unsuitable for use in 1.3µm lasers. It has been demonstrated that V3+:YAG can be
eﬀectively used for mode-locking and Q-switching of solid-state lasers at 0.7µm, 1.06 µm,
1.34µm and 1.44 µm (Mikhailov et al., 1993; Malyarevich et al., 1998). Figure 4.6 depicts
the V3+ energy levels associated with saturable absorption and the resulting absorption
spectrum (Podlipensky et al., 2003). The diﬀerent absorption peaks are attributed to
V3+-ions that can occupy both tetrahedrally and octahedrally co-ordinated positions in
a YAG crystal. It is the tetrahedrally co-ordinated V3+-ions which contribute to the ab-
sorption peak at ∼1320 nm due to the 3A2 →3 T2
(
3F
)
transition. Malyarevich et al.
(1998) calculated that their sample had ground- and excited-state absorption cross-sections
of σgsa = (7.2± 2.6) × 10−18 cm2 and σesa = (0.74± 0.28) × 10−18 cm2 at 1.3µm. V:YAG
should therefore be suitable as a saturable absorber in 1314 nm Nd:YLF lasers since it has a
high ratio α = σgsa/σem (Jabczynski et al., 2001), with σem ∼ 2.4× 10−20 cm2 for 1314 nm
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Figure 4.7: Experimental resonator layout for 1314 nm passively Q-switched operation using a
V:YAG saturable absorber.
Figure 4.8: A photo of the passively Q-switched resonator.
Nd:YLF (Section 3.2).
4.2.2 Experimental setup
The CW resonator of Section 4.1 was adapted for passive Q-switching by inserting a V:YAG
saturable absorber into the cavity between the Nd:YLF crystal and the R= 95% OC (see
Figure 4.7). The V:YAG was 3mm thick and had an initial single pass absorption of ∼3%.
Initial experiments indicated that the pulsed performance at various incident pump powers
was relatively insensitive to the position of the V:YAG passive absorber and it was sub-
sequently placed ∼12mm from the Nd:YLF crystal. The position of the OC was slightly
adjusted to mode-match the pump and the laser mode within the gain medium. A photo of
the resonator is shown in Figure 4.8.
4.2.3 Results and discussion
The incident pump power (Ppump) threshold was 17.5W. A maximum average output power
(Pavg) of 5.2W was obtained from 45.2W of incident pump power (Figure 4.9). The pulsed
1314 nm beam had beam quality factors of M2x=1.70 and M
2
y=1.99, respectively (Figure
4.10). As the incident pump power was increased from threshold to 27W the pulse repetition
frequency PRF increased from 650Hz to 5.9 kHz. The PRF stayed near-constant at 6.3 kHz
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Figure 4.9: Passively Q-switched behaviour: pulse repetition frequency PRF (left axis) and the
1314 nm average output power Pavg (right axis). The red (a), green (b) and blue (c) zones are
indicative of areas of typical behaviour and are discussed in the text.
Figure 4.10: The measured horizontal and vertical beam radii, along the beam and through the
focus. These were used to determine the M2 ﬁts.
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Figure 4.11: Passively Q-switched behaviour: pulse duration tpulse (left axis) and the energy per
pulse Epulse (right axis). The red (a), green (b) and blue (c) zones are indicative of areas of typical
behaviour and are discussed in the text.
Figure 4.12: A temporal pulse proﬁle as measured for the passively Q-switched laser.
with a further increase in incident pump power. The constant PRF over a wide range of
powers may be a desirable characteristic for many applications. This non-standard behaviour
is discussed in the next paragraph after all the results have been presented.
The pulse duration at full width at half maximum (FWHM) decreased from 162 ns to
136 ns with an increasing pump power Ppump (Figure 4.11). The temporal pulse proﬁle
displayed strong spiking behaviour on the pulse shape due to longitudinal mode competition
(Figure 4.12). The increase in average output power and an almost constant PRF for
Ppump > 27W resulted in an increase of pulse energy Epulse up to 825µJ, which corresponded
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to a peak power of 6.1 kW. The average power Pavg and energy per pulse was higher than
reported for any diode end-pumped 1.3µm Nd laser which was passively Q-switched with
V:YAG at that stage: 2.1W average power with Nd:YVO4 (Jabczynski et al., 2001) and
126µJ pulse energy with Nd:YAG (Sulc, 2004).
The behaviour of the system as observed in Figures 4.9 and 4.11 can be explained by 2
diﬀerent mechanisms occurring simultaneously, as the pump power is increased:
1. The combined thermal lensing eﬀect from the Nd:YLF and V:YAG crystals: modelling
shows that the combined thermal lensing increases the laser mode size as the pump
power is increased, with an exponential increase in mode size at high pump powers.
2. Pump light absorbed by the V:YAG crystal: At low pump powers, all the pump light
is absorbed by the Nd:YLF crystal. As the pump power is increased, pump liight
starts leaking out of the Nd:YLF crystal. It can then be absorbed by the V:YAG
crystal since it has a strong absorption at the pump wavelength of 806 nm (see Figure
4.6). The increased absorption by the V:YAG crystal leads to a faster bleaching of the
crystal. As the pump power is increased, this eﬀect becomes more pronounced.
The combination of these two mechanisms leads to the behaviour as observed in the three
(red, green, blue) zones as indicated in Figures 4.9 and 4.11:
Red: Thermal lensing is low but increasing, leading to a rise in the PRF, Epulse and
a decrease in tpulse. Initially the Nd:YLF absorbs all pump power, but as Ppump
is increased, the pump light starts to reach the V:YAG crystal, bleaching occurs
faster and this limits the pulse energy build-up time. This can be seen by the
sudden decrease in Epulse in the last part of this zone.
Green: There is a gradual increase in thermal lensing, which slowly increases the laser
mode size. Bleaching of the V:YAG due to 1314 nm photon absorption therefore
occurs at a lower rate. This is counteracted by a linear increase of pump light
incident on the V:YAG crystal. This gives rise to near linear behaviour for the
laser characteristics in this zone, as depicted in the green zones of both Figures.
Blue: Thermal lensing becomes so strong that the laser mode starts to increase ex-
ponentially with increasing pump power. This leads to much slower bleaching
of the V:YAG due to the low ﬂux density of 1314 nm photons. The pump light
incident on the V:YAG still increases linearly, which leads to a linear increase in
the bleaching due to pump photons. The combination of these lead to a netto
decrease in the bleaching rate as pump power is increased, especially since the
absorption of 1314 nm is higher than for 806 nm (Figure 4.6).
4.3 Summary
High average power 1314 nm oscillation of a Nd:YLF laser was demonstrated for CW opera-
tion and delivered up to 10.4W of output power (Botha et al., 2013). Passively Q-switched
operation of a Nd:YLF laser using a V:YAG saturable absorber was demonstrated for the
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ﬁrst time. Pulsed operation delivered 825µJ of energy per pulse with a pulse duration of
135 ns and an average power of 5.2W. The pulsed beam had a slight elliptical shape due to
astigmatism and had beam quality factors of M2x=1.70 and M
2
y=1.99 respectively.
The high CW output power as well as high energy per pulse combined with a good beam
quality indicates that Nd:YLF is a good candidate for further scaling in terms of CW power
as well as pulse energies. Especially the power and energy scaling of 1314 nm Nd:YLF lasers
is of interest because of the applications mentioned in Section 1.2.2. In Chapter 5 we continue
the investigation into further power and energy scaling of Nd:YLF lasers at 1314 nm.
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Chapter 5
Actively Q-switched dual crystal Nd:YLF
laser at 1314 nm
In Chapter 4 up to 10.4W of CW power and up to 825 µJ energy per pulse from a passively
Q-switched Nd:YLF laser at 1314 nm was demonstrated. These results are promising, espe-
cially for the high pulse energies required for LLR and some other applications mentioned
in Chapter 1. The following experiments were done to investigate power scaling of 1314 nm
Nd:YLF lasers to even higher powers and pulse energies than reported in Chapter 4. Espe-
cially the potential high pulse energies are of interest. Power scaling was achieved by using
crystals with a lower average doping, pumping from the lower-doping side and implement-
ing a dual-crystal setup. We also wanted to demonstrate actively pulsed operation of such
a laser since high pulse energies are expected for a 1314 nm Nd:YLF laser when actively
Q-switched with an AOM.
In this chapter we demonstrate high-power 1314 nm operation of a diode end-pumped
dual-crystal Nd:YLF laser in both CW and actively Q-switched modes.This work was done
at the CSIR National Laser Centre.
5.1 Active media
VLOC is a company that, amongst other capabilities, specialises in the growth of laser
materials. Through a collaboration between VLOC and the CSIR National Laser Centre,
we obtained several Nd:YLF crystals. The crystals were all cut from the same, specially
manufactured low-doping boule that was grown with the Czochralski-method. Laser crys-
tals grown by this method have a longitudinal gradient in the doping resulting from the
physical growth process. VLOC estimated the doping concentration throughout the boule
and maintained the crystal orientation information during the cutting process. The two
crystals used in our experiment were a-cut rods which were 45mm in length and had a
6mm diameter (Figure 5.1). The atomic doping concentration gradient of Nd3+-ions within
these crystals varied linearly from 0.30% to 0.52%. The lower average Nd3+ doping (than
for the setup in Chapter 4) of 0.41% implied an increased inter-ionic distance between the
Nd3+-ions within the YLF crystal substrate. This reduces the ETU (see Section 2.5) which
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Figure 5.1: A single Nd:YLF crystal from the batch that was used in our experimental setup.
The low-doping side was indicated by the manufacturer VLOC with the word 'Top' on the left-side
of the crystal as depicted (Photo credit: W. Koen). The atomic Nd3+-doping concentration within
the Nd:YLF crystal as estimated by the manufacturer, VLOC.
Orientation Axis Polarisation Main emission line @ 1.3µm Refractive index
Horizontally c pi ∼ 1321 nm ne= 1.470
Vertically a σv ∼ 1314 nm no= 1.448
Table 5.1: Nd:YLF crystal orientation and polarisation properties.
has been identiﬁed as the limiting factor in high-power end-pumped solid-state Nd-doped
laser materials (Clarkson et al., 1998; Pollnau et al., 1998a; Zuegel and Seka, 1999). A higher
ETU implies a higher heat load and therefore a lower pump limit before thermal fracture
occurs. Furthermore, pumping from the lower-doping end-face further reduces the risk of
thermal fracture because it spreads out the heat load longitudinally along the crystal (Bollig
et al., 2008).
The two Nd:YLF crystals were mounted with the c-axis horizontal, within copper blocks
which were maintained at 20°C by water cooling. The crystal orientation implied a horizon-
tal pi-polarization for 1321 nm emission and a vertical σv-polarisation for 1314 nm emission
(Table 5.1). This orientation was chosen to aid in the selection of the σv-polarization lasing
wavelength of 1314 nm within the resonator (see Sections 5.3 and 5.4).
5.2 Pump scheme
As pump light sources we used two Jenoptic laser diode modules of model type JOLD-
75-CPXF-2P (Figure 5.2). These modules each delivered up to 75W of unpolarised CW
radiation at ∼803 nm into a 400µm ﬁbre (0.22 Numerical Aperture) with a beam quality of
M2 ∼ 145. The two modules were electrically connected in series so that both modules could
be controlled by the same power supply and were supplied with the same current. The two
modules were characterised and the relation of total pump power Ppump (from both laser
diode modules togeher) to laser diode current Idiode was calculated by a linear regression on
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Figure 5.2: One of the two laser diode modules used in this experimental setup. Each module
could produce up to 75W of pump power at ∼805 nm. The modules were mounted on a water-cooled
copper block for thermal control.
Figure 5.3: The pump power Ppump from the 2 laser diodes due to a change in diode module
current Idiode, as well as the calculated total pump power.
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Figure 5.4: Laser diode emission wavelengths λpump for the Jenoptik JOLD-75-CPXF-2P modules
as characterised by Koen (2009), as a function of the diode module current Idiodes and junction
temperature Tdiodes within the modules. The white ellipse indicates the full-power working area
selected to obtain optimal pump light absorption.
the data as presented in Figure 5.3 to be
Ppump = 3.1Idiodes − 29.9. (5.1)
The output power was limited to 62.5W per diode (∼ 125W in total) to help avoid thermal
fracture of the Nd:YLF crystals. The diode modules were mounted on proportional-integral-
derivative (PID) temperature controlled thermocouple units, which in turn were water-
cooled to 20°C. The exact emission wavelength of a laser diode module λpump is directly
proportional to both the supply current Idiodes and the junction temperature within the
diode modules Tdiodes:
λpump ∝ Idiodes, λpump ∝ Tdiodes. (5.2)
By precisely controlling the diode current and temperature we could therefore control the
pump wavelength within the range of 801 - 807 nm (see Figure 5.4).
Considering the absorption cross-section of Nd:YLF for the 2 polarisations (Figure 3.1),
805.5 nm was determined as an ideal wavelength at full pump power since it maximises the
total absorption of the unpolarised pump light and also absorbs into a side-band which will
help lower the thermal load. To obtain 805.5 nm output at full pump power (62.5W / 50A)
we controlled the temperature of the diode modules to 27°C.
For this experimental setup, we determined we determined the ideal pump beam waist
radius as 0.4mm, by using the gain optimisation method of Bollig et al. (2010), as 0.4mm.
Their 1.0mm pump beam waist radius delivered eﬃcient operation of an Nd:YLF laser at
1053 nm. A higher pump energy density is required to achieve similar levels of gain in our
case, since the emission cross-section for 1.3µm operation is about an order of magnitude
lower than for 1.0µm. We wanted to limit the laser energy density on the resonator optics
and since we require a good overlap between the pump and laser modes, and a pump beam
waist radius of 0.5mm was used instead.
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Figure 5.5: Images of the two pump beams at the focus, where it has a top-hat intensity proﬁle
and a waist of 0.5mm radius.
We used the Paraxia simulation software package (Siegman, 2005) to choose a focussing
lens and obtain the correct pump beam waist. A Spiricon Point Grey SCOR 20 camera was
used to measure the beam waist radius and its position. Images of the top-hat beam proﬁle
within the beam waist are depicted in Figure 5.5. The focussing lens positions relative to
the ﬁbre tips were adjusted to obtain a measured pump beam waist radius of 0.5mm for
both pumps. By measuring the positions of these beam waists we could locate the pump
focus near the centre of each Nd:YLF crystal. These pump beams had a calculated Rayleigh
length of 9.9mm inside the crystals.
5.3 Resonator assuming a netto negative thermal lens
5.3.1 Design and experimental layout
Figures 3.1 and 3.2 depicts the chosen pump and laser wavelengths for the experiments
described in this chapter. The literature on thermal lensing in Nd:YLF usually assumes
that the negative values of the thermo-optical coeﬃcients dn/dT for both the σv- and pi-
polarisation are the major contributing factors (see Section 2.5.3). Nd:YLF should therefore
exhibit a netto negative thermal lens (see Section 3.1) and the initial resonator design was
based on this assumption (see Figure 5.6). All mirrors used in the resonator were 25mm in
diameter and highly transmissive for the pump wavelength region of 806 nm. The CW res-
onator (Figure 5.6) was formed by using an r=200mm concave BR and a ﬂat OC. The OCs
used had 1.3µm reﬂections of 85, 90, 95 and 98%, respectively. The curved-ﬂat resonator
type was chosen since it allowed a wide range of laser mode sizes by adjusting the OC or BR
positions. Since two Nd:YLF crystals were to be included in the resonator, a ﬂat resonator
folding mirror was used to enable end-pumping of one of the Nd:YLF crystals through this
mirror while the other Nd:YLF crystal was pumped through the BR.
The BR and OC were chosen to be HR in the 1.3µm region and HT in the 1.0µm region,
to ensure lasing of only 1.3µm rather than the stronger 1.0µm emission lines. Furthermore,
the folding mirror was coated to be HR at 1.3µm, only for light with the electric ﬁeld
parallel to the mirror surface at an incidence angle of 45°. In our setup only the vertically
polarised 1.3µm light experienced a high reﬂection coeﬃcient. Since the Nd:YLF crystals
were oriented to emit the σv-polarisation 1314 nm light vertically (see Section 5.1), the σv-
Stellenbosch University  https://scholar.sun.ac.za
CHAPTER 5. ACTIVELY Q-SWITCHED ND:YLF LASER AT 1314NM 52
Figure 5.6: (a) The resonator design assuming a netto negative thermal lens. The resonator mode
was determined by a simulation in the Psst! Laser Resonators package (Dunn et al., 2014). (b) The
resulting experimental resonator layout for 1314 nm CW operation.
polarised light was more likely to be reﬂected by the folding mirror than the horizontally
(pi-)polarised 1321 nm light.
5.3.2 Results and discussion of thermal lensing eﬀects
The slope eﬃciencies for the various OCs are depicted in Figure 5.7. The experimental
data match expected behaviour at low (< 40W per crystal) pump power and the resulting
laser beams had symmetrical Gaussian proﬁles. As the total pump power was increased
beyond 80W, the beam changed to multi-mode and then back to a single mode (as seen
on the imaged beam as well as in the output power curves in Figure 5.7), but with a non-
symmetrical Gaussian proﬁle. The vertical radius was slightly larger than the horizontal
radius. Unfortunately no images of this behaviour were recorded. A maximum output
power of 19.0W was obtained for the 90% OC. The 95% OC delivered results very similar
to the 90% OCs. However, the 90% OC implies only half the intra-cavity power of the 95%
OC and will therefore help minimise the risk of thermal fracture.
It is evident from Figure 5.6 that the pump power level plays the most important role in
the strength of the thermal lens since the unstable behaviour for diﬀerent OC's all occur at
the same pump power level (∼90W). Only for the 98% OC the roll-over eﬀect occurs at a
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Figure 5.7: Optical-to-optical slope eﬃciency of the CW laser output. The 98% OC incident
pump power was limited to <100W to limit the intra-cavity power. The arrows indicate where the
beams became multi-mode.
lower pump power- this can be ascribed to the higher intra-cavity power which then leads to
ETU, and possibly even ESA (see Sections 3.2 and 3.3). This contributes towards a higher
heat load within the Nd:YLF crystal and the unstable behaviour due to thermal lensing is
observed at a lower pump power level than for the other OCs.
The behaviour of the laser at high pump power due to BR and OC movement was
qualitatively very diﬀerent from the behaviour expected (from software modelling in the
Psst!! Laser Resonators package (Dunn et al., 2014)). We noticed that a slight increase
in the resonator length resulted in the output becoming unstable, especially at a higher
pump power. An increase in pump power also resulted in the output beam becoming more
divergent, behaviour not expected from the simulation depicted in Figure 5.6. Various
variations on this resonator design as well as completely diﬀerent resonator designs were
tested, all of these behaved as expected only at low pump powers. At higher pump power
the laser beam either became multimode or unstable.
Figure 5.8 depicts the modelled laser mode sizes on the BR, OC and in the crystals
(average) assuming a wide range of negative and positive thermal lens strengths as for
the resonator of Figure 5.6. Stronger pumping will lead to a stronger thermal lens (larger
absolute dioptric power). Very strong thermal lens strengths implies unstable behaviour
for both positive and negative dioptric powers. For this modelled setup, there are then 2
regions:
 Assuming a negative thermal lens, the laser mode size will increase throughout the
resonator for increasing pump power
 Assuming a positive thermal lens, the laser mode size on only the OC will decrease
while it increases throughout the rest of the resonator with increasing pump power.
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Figure 5.8: Modelled laser mode size radius at various points within the laser resonator (as
depicted in Figure 5.6) for a range of thermal lens dioptric powers. The simulations were done in
the Psst! Laser Resonators package (Dunn et al., 2014).
Since the laser mode within the resonator is strongly convergent towards the OC,
a focus point is expected near the OC, leading to a strongly diverging beam some
distance after the OC.
Considering the observation that an increase in pump power resulted in the output beam
becoming more divergent, the resonator must therefore experience a netto positive thermal
lens for each crystal, for the σv-polarisation 1314 nm operation of Nd:YLF.
In summary the results therefore indicated that ETU and ESA only becomes relevant
at a high intra-cavity power and 1314 nm Nd:YLF has a netto positive thermal lens eﬀect
during lasing. Lowering the OC's reﬂection of laser light will thus reduce the eﬀects of ETU
and ESA and designing the resonator for a positive thermal lens should lead to expected
results.
5.4 Resonator design assuming a netto positive thermal lens
5.4.1 Design and experimental layout
Subsequently we based our resonator designs on the assumption of a netto positive thermal
lens at full pump power (Figure 5.9). All mirrors used in the resonator were 25mm in
diameter and HT for the pump wavelength region of 806 nm. The CW resonator was formed
by using an r=200mm concave BR and a ﬂat 90% OC. This OC was chosen because it
resulted in a good optical to optical slope eﬃciency (Figure 5.7) and had a lower intra-cavity
power than for the 95% OC. A ﬂat resonator folding mirror was used to enable end-pumping
of both Nd:YLF crystals through this mirror (see Figure 3.6). Using a curved-ﬂat resonator
type allowed a wide range of laser mode sizes by adjustment of the OC or BR position.
Furthermore this resonator design allows for stable resonator operation over a wide range of
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Figure 5.9: a) The resonator design assuming a netto positive thermal lens. The resonator mode
was determined by a simulation in Psst! (Dunn et al., 2014). b) The subsequent experimental
resonator layout for 1314 nm CW operation.
positive (fth ? 1200mm) as well as negative (fth . -400mm) thermal lens strengths, which
translates to dioptric powers in the range −2.5m-1. Dth . 0.83m-1 for each Nd:YLF
crystal.
To ensure 1.3µm σv-operation the BR, OC and folding mirrors had special coatings, sim-
ilar as implemented for the previous resonator (see Section 5.3.1). The laser was optimised
at full pump power by adjusting both OC and BR positions to mode-match the pump and
laser modes within the crystals.
The diagnostic setup used to characterise this CW (Section 5.4) and the subsequent Q-
switched (Section 5.5) laser operation is depicted diagrammatically in Figure 5.10. Both
1314 nm laser as well as 805.5 nm pump light not absorbed by the crystals, were emitted
at the OC. The pump light was removed by a mirror being HR for only the pump wave-
length and a once-oﬀ measurement was made of the percentage of laser light also being
reﬂected here. The resulting 1314 nm beam was subsequently split up in ∼90% and ∼10%
components for power measurement and further diagnostics. The ∼90% laser beam power
was measured with a Gentec-EO Maestro power meter with a Gentec UP50N-40S-W9-D0
head. A once-oﬀ measurement of the exact percentage of laser light not reﬂected by this
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Figure 5.10: Diagnostics setup diagram used for characterising the CW and Q-switched lasers of
Sections 5.4 and 5.5.
mirror was also made to calibrate the calculated total laser power output Pout. The ∼10%
beam was attenuated by another ∼90% and any remaining pump light was removed. The
resulting low-intensity 1314 nm beam was focussed by a lens to create an artiﬁcial beam
waist. An Ophir Optronics Pyrocam III laser camera was used to image the beam as well
as measure the beam diameter at various positions along the focussed beam. During Q-
switched operation a Thorlabs PDA255 ampliﬁed InGaAs detector was used to detect the
laser pulses by measuring light scattered from the power meter head. This detector was
connected to a Tektronix DPO5104 oscilloscope which calculated and displayed the various
laser pulse parameters. A HighFinesse WS6 IR PID wavelength meter was used to determine
the wavelength of the laser.
5.4.2 Results
The slope eﬃciency of the CW laser is shown in Figure 5.11. The laser had an incident
pump power threshold of 15.3W and a maximum power output of 26.5W. This result was
2.5 times the value reported in Chapter 4 and 1.4 times the value obtained from the dual
crystal laser reported in Section 5.3.2. It was also higher than reported in the literature
for a side-pumped setup: 14.9W of CW output power (Deana et al., 2013). The overall
optical-to-optical eﬃciency was 25% compared to 17% for the R=90% OC dual-crystal laser
in Section 5.3 and 29% for the single-crystal laser in Chapter 4. Wavelength measurements
showed oscillation of only the 1314 nm σv-polarisation. The beam had a symmetrical Gaussian
proﬁle but at maximum pump power it became slightly elliptical with a vertical radius ∼20%
larger than the horizontal. This is due to the astigmatic thermal lensing of Nd:YLF (see
Section 3.1). The beam quality was measured asM2x= 2.0 andM
2
y= 2.6 (ISO11146-method).
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Figure 5.11: Optical-to-optical slope eﬃciency together with beam proﬁles of the 1314 nm CW
laser. At higher pump powers the beam became slightly elliptical due to astigmatic thermal lensing.
5.5 Actively Q-switched operation
5.5.1 Design and experimental layout
We subsequently inserted an AOM within the CW laser resonator from Section 5.4, to
operate the laser in actively Q-switched pulsed mode (Figure 5.12). The Q-switch was a
Brewster-cut Gooch & Housego model QS027-10M(BR)-NL6. It was positioned between
the one Nd:YLF crystal and the OC. The reﬂection of the ﬂat OC was decreased to 85% to
limit the intra-cavity peak power and energy during pulsed operation, allowing us to operate
at a low PRF. The positions of the BR and OC were also slightly adjusted at full pump
power to mode-match the pump and laser modes within the Nd:YLF crystals.
The AOM unit was water-cooled to 20°C and was operated with a Gooch & Housego
Figure 5.12: Experimental resonator layout for 1314 nm Q-switched operation.
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Figure 5.13: The Q-switched resonator setup.
Figure 5.14: Actively Q-switched behaviour at full pump power: energy per pulse Epulse (left
axis) and average power Pavg (right axis). The beam proﬁles are slightly elliptical due to astigmatic
thermal lensing.
driver (model MQH027-100DS3-A05) which delivered up to 100W of 27MHz RF power to
the AOM. The driver was controlled by a programmable function generator, a Tektronix
AFG3000C. A photo of the implementation of the Q-switched resonator is shown in Fig-
ure 5.13.
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Figure 5.15: Actively Q-switched behaviour at full pump power: Pulse duration tpulse (left axis)
and peak power Ppeak (right axis).
Figure 5.16: The temporal pulse shape (purple) as measured at a PRF of 4 kHz. The AOM
high-Q trigger is represented by the yellow line.
5.5.2 Results
The maximum average output power achieved was 18.6W at an incident pump power of
125W and a PRF of 20 kHz (Figure 5.14). The decrease in the maximum output power
from that of the CW setup of Section 5.4 is attributed to the decrease of the OC reﬂectivity
from 90% to 85% (to help minimise ETU and ESA) as well as an increase in losses within
the resonator because of the AOM. The energy per pulse Epulse increased from 0.93mJ to
5.59mJ for a decreasing PRF from 20 kHz to 500Hz.
The highest peak output power Ppeak of 155 kW was obtained at the PRF of 500Hz
(Figure 5.15). The pulse duration tpulse decreased from 218 ns to 36 ns (FWHM) for a
decreasing PRF from 20 kHz to 500Hz . At a PRF of 4 kHz the laser had a pulse duration
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Figure 5.17: The fractured Nd:YLF crystal, with the damage near the pump beam focus position
within the crystal.
of 74 ns and the temporal pulse proﬁle is depicted in Figure 5.16. The Q-switched laser had
a slightly elliptical beam because of astigmatic thermal lensing (see Section 3.1).
This was, to the best of our knowledge, the ﬁrst published actively Q-switched diode
end -pumped 1314 nm Nd:YLF laser. The obtained Epulse and Pavg were, to the best of our
knowledge, also higher than previously reported (3.8mJ and 12.3W respectively) for any
diode side-pumped actively Q-switched Nd:YLF lasers resonating in the 1.3µm region (Liu
et al., 2014).
5.5.3 Total pump power increase beyond 125W
The total pump power was subsequently increased to 140W at a PRF of 20 kHz. The higher
pump power at the high pulse repetition rate of 20 kHz did not fracture the crystal, therefore
enough energy was extracted from the crystal to keep the overall thermal eﬀects to just below
the damage threshold of Nd:YLF. The PRF was subsequently reduced to increase the pulse
energy. While decreasing the PRF from 20 kHz, one of the Nd:YLF crystals fractured at
a PRF of 12.5 kHz (Figure 5.17). Several micro-fractures occurred within the pump and
laser region, from the pump side to about one third into the crystal. These micro-fractures
were all much smaller than 1.0mm in size and were scattered throughout the crystal volume
mentioned.
The higher pump power did not fracture the crystal, but the decrease in the PRF did.
A decreased PRF allowed for higher levels of population inversion to be obtained. The
population inversion level became high enough at a pump power of 140W and a PRF of
12.5 kHz to enable ETU and subsequent ESA to occur. Since ESA is dependent on ETU
ﬁrst occurring, it leads to a run-away thermal load increase within the Nd:YLF crystal. The
sudden increase in heat load resulted in an increase in the thermal stresses, up to a level
above the fracture limit for Nd:YLF. The several small micro-fractures observed within the
Nd:YLF crystal can be attributed to regions of a slightly higher Nd-doping concentration,
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conﬁrming just how sensitive the level of ETU is on the doping concentration. We therefore
operated the CW and Q-switched lasers described in Sections 5.4 and 5.5 just below the
damage threshold of the Nd:YLF crystals.
5.6 Summary and discussion of results
The experimental setup in Chapter 5 was made with two low-doping Nd:YLF a-cut crystals,
mounted with the c-axis horizontally. These crystals were each end-pumped from the lower-
doping side by up to 62.5W of 805.5 nm pump light (up to 125W of total pump power).
The ﬁnal resonator design assumed a netto positive thermal lens for each of the two Nd:YLF
crystals (at full pump power) and consisted of an r=200 mm concave BR and a ﬂat OC
(R=90% for CW and R=85% for Q-switched operation). The Nd:YLF σv-polarisation of
1314 nm had the potential for high pulse energies and a better beam quality than for the
pi-polarization of 1321 nm. Operation was forced on the 1314 nm emission line of Nd:YLF
by the use of specially coated mirrors. The laser was Q-switched by inserting a brewster-cut
AOM in the resonator between the OC and the one Nd:YLF crystal.
The resulting experimental data matched expected behaviour of the laser at low (<40W
per crystal) pump power but the behaviour at high pump power was qualitatively very dif-
ferent from the modelled behaviour. Resonator modelling assuming a netto positive thermal
lens for each Nd:YLF crystal was carried out and did explain the experimental results at
high pump powers. We therefore deduced that Nd:YLF can exhibit a netto positive thermal
lens at high pump powers. This can be ascribed to the positive lensing eﬀect from end-face
bulging becoming more pronounced than the dn/dT < 0 at high pump powers.
High average power operation of a diode end-pumped 1314 nm Nd:YLF laser was demon-
strated for CW operation, delivering up to 26.5W of output power. The CW beam quality
was measured as M2x= 2.0 and M
2
y= 2.6. Active Q-switching resulted in up to 5.59mJ of
energy per pulse at a pulse duration of 36 ns, with an average power of 18.6W. These results
are the highest reported (Botha et al., 2015), considering all Nd-doped end-pumped lasers
resonating in the 1.3µm region.
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There is an international drive in the Geodesy community towards achieving mm-level pre-
cision in position measurements. This goal is pursued by upgrading current equipment as
well as the development of new measurement technologies. The HartRAO Space Geodesy
Programme is currently developing a new Lunar Laser Ranging system. This new LLR
system is a next-generation space geodetic technique and aims to achieve sub-centimetre
orbital position measurements of the Moon. Initially it will use a Nd:YAG laser with an
estimated beam quality of M2 ∼ 2, which will lead to an estimated return photon detection
rate of  1 photon per pulse. Using a laser host material that can deliver better beam
quality will result in less beam divergence, which will ensure the detection of more return
photons.
Nd:YLF as a laser host material is a promising alternative to Nd:YAG because it should
be able to deliver high pulse energies as well as operate with a better beam quality. Op-
erating Nd:YLF on the σv-polarization should result in a weaker thermal lens than for the
pi-polarization, due to the weakly negative thermo-optical coeﬃcient dno/dT associated with
it. Investigating Nd:YLF operation on the σv-polarization wavelength of 1314 nm will enable
us to quantify an upper limit to the beam quality M2 expected for 1.3µm operation. This
will enable one to quantify an expected upper limit to the M2 for 1.0 µm operation, due to
the lower thermal load that the gain medium experiences at 1.0µm than for 1.3µm operation.
High-power 1.3µm lasers also have a wide range of scientiﬁc and commercial applications
such as Lidar and large-scale RGB display technologies.
Compared to the excited state lifetime values for Nd:YAG and Nd:YVO4, the rela-
tively long excited state 4F3/2 lifetime of τ21 ∼520µs of Nd:YLF indicates its potential to
deliver high pulse energies. The emission cross-section (σem) for Nd:YLF on the 1.3µm
σv-polarization is ∼ 2.3 × 10−20cm2 which is a factor of 3 less than for Nd:YAG at 1.3µm.
Due to its long excited state lifetime, we know from the σemτ21 product that one can achieve
a reasonably low threshold and eﬃciency for 1.3µm Nd:YLF.
Using a relatively low Nd doping concentration within the YLF crystal as well as pumping
from the lower-doping crystal end-face reduces ETU. Reducing the ETU will also result in
a reduction of ESA, which is dependent on ETU. Thermal eﬀects due to ESA become
especially pronounced during Q-switched operation. A reduction in the Nd doping reduces
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the ETU and therefore ESA - this helps to spread out the thermal load longitudinally in
the crystal, which increases the thermal fracture pump limit.
The power-scaling of 1314 nm Nd:YLF lasers was investigated for CW, passively Q-
switched and actively Q-switched operation. These lasers were operated at power levels up
to the damage threshold.
A single-crystal 1314 nm Nd:YLF laser was demonstrated. In CW mode it delivered up
to 10.4W of output power. This result was ∼70% higher than reported in the literature
at that time. Passively Q-switched operation was achieved by using a V:YAG saturable
absorber. This was the ﬁrst demonstration of a Nd:YLF laser being passively Q−switched
with V:YAG. Pulsed operation delivered 825µJ of energy per pulse with a pulse duration
of 135 ns and an average power of 5.2W. The pulsed beam had a slight elliptical shape
due to astigmatism and beam quality factors of M2x=1.70 and M
2
y=1.99, respectively. The
Q-switched power and energy results obtained were, at that time, higher than reported for
any diode end-pumped Nd laser at 1.3µm being passively Q-switched with V:YAG.
A dual-crystal Nd:YLF laser was subsequently designed and built. The resulting exper-
imental data at high pump power was qualitatively very diﬀerent from the behaviour as
expected from modelling behaviour. Through resonator modelling it was realised that the
Nd:YLF crystals exhibited a netto positive thermal lens during lasing. Implementation of
a resonator design which assumed a positive thermal lens led to experimental results which
followed the modelled behaviour at high pump power. We concluded that Nd:YLF exhibits
a netto positive thermal lens at high pump powers, this result being ascribed to the positive
lensing eﬀect from end-face bulging being slightly more pronounced than that of the negative
thermo-optical coeﬃcient dno/dT . Subsequently, high average power operation of a diode
end-pumped dual-crystal 1314 nm Nd:YLF laser was demonstrated for both CW as well as
actively Q-switched modes. In CW mode it delivered up to 26.5W of output power, with a
beam quality of M2x= 2.0 and M
2
y= 2.6 respectively. Active Q-switching resulted in up to
5.59mJ of energy per pulse at a pulse duration of 36 ns, with an average power of 18.6W.
These CW and pulsed results were, at the time, higher than reported for any Nd-doped
end-pumped lasers operating in the 1.3µm region.
Power-scaling of 1314 nm Nd:YLF lasers was therefore successfully demonstrated for
CW, as well as passively and actively Q−switched operation. The resulting CW power and
pulse energies were higher than reported at that stage for any Nd-doped 1.3µm lasers in an
end-pumped conﬁguration. These results indicate that Nd:YLF is an ideal active medium
to obtain high output power and pulse energies for lasers operating in the 1.3µm region, and
that further power-scaling of 1.0µm Nd:YLF should also result in very high output power
and pulse energy, with an expected beam quality of M2 < 2.
Further investigation into Nd:YLF lasers for the use in Lunar Laser Ranging should
therefore be undertaken. The energy-scaling of σv-polarization 1053 nm Nd:YLF lasers de-
livering M2 < 2 mode-locked Q-switched (<20 ps) pulses at the millijoule level is of special
interest. These experiments require stronger pump sources, longer Nd:YLF crystals rods of
a low doping (for increased absorption), optics that will be able to handle the peak energies
and additional optical elements to obtain mode-locking and pulse-picking.
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A 1314 nm Nd:YLF laser was designed and operated both CW and passively Q-switched. Maximum CW output of
10.4 W resulted from 45.2 W of incident pump power. Passive Q-switching was obtained by inserting a V:YAG satur-
able absorber in the cavity. The oscillator delivered a maximum of 825 μJ energy per pulse, with a pulse duration of
135 ns at a pulse repetition frequency of 6.3 kHz, effectively delivering 5.2 W of average power. © 2013 Optical
Society of America
OCIS codes: 140.0140, 140.3070, 140.3480, 140.3530, 140.3540.
High-power 1.3 μm lasers have a wide range of applica-
tions, which include communications, sensing, timing
systems, and monitoring techniques. The 1.3 μm output
can be Raman-shifted to the 1.5 μm region, which is
useful for applications requiring eye-safe operation at
high powers, such as Lidar and free-space optical com-
munication [1]. Furthermore, 1314.0 nm (specifically the
657.0 nm harmonic) is required to probe the relevant
transition [2] for optical calcium clocks.
The main 1.3 μm emission lines of Nd:YLF are at
1314 nm for the σ polarization and 1321 nm for the π
polarization. To our knowledge, the highest 1.3 μm CW
output power reported from a diode-end-pumped
Nd:YLF laser is 6.2 W [3], which leaves room for power
scaling as was done for 1.0 μm Nd:YLF [4,5], or 1.3 μm
Nd:YAG, and Nd:GdVO4 [6,7] lasers. Operating an end-
pumped Nd:YLF laser at 1.3 μm is attractive because of
the weak thermal lens when it is operated on the σ
polarization [8,9]. This results in excellent beam quality
over a wide range of output powers.
Nd:YLF also has a long upper-laser-level (4F3∕2)
lifetime of τ ∼ 520 μs compared to ∼250 μs for Nd:YAG
and ∼100 μs for Nd:YVO4 [10,11]. The resulting high
energy storage capability makes Nd:YLF suitable to gen-
erate high pulse energies during Q-switched operation.
However, the emission cross section σem at 1.3 μm for
Nd:YLF is ∼2–2.5 × 10−20 cm2 (for the two polarizations),
which is a factor of three less than that of Nd:YAG and
an order of magnitude less than that of Nd:YVO4 [11],
which implies lower gain.
Power scaling Nd lasers at 1.3 μm are more difficult
than at 1.0 μm because of the lower σem. The relatively
longer lifetime τ of Nd:YLF partially compensates for this.
The σem and τ values of Nd:YLF also necessitate a careful
design of the pump beam radius where a trade-off has
to be made between a reasonably low threshold and
the risk of thermal fracture [5]. Thermal effects are espe-
cially problematic under 1.3 μm operation (compared
to 1.0 μm operation) due to the larger quantum defect.
By using a relatively low Nd doping, one can reduce
upconversion and spread out the thermal load longitud-
inally in the crystal, which increases the thermal fracture
pump limit [4,5,12].
Nd-doped active media are suitable for an efficient
Q-switched operation at 1.3 μm using a V:YAG saturable
absorber because they have a high ratio α  σGSA∕σem,
with σGSA, the ground-state absorption cross section of
the saturable absorber and σem the emission cross sec-
tion of the laser crystal [13]. It has been demonstrated
that V:YAG operates efficiently as a saturable absorber
for Nd lasers operating in the 1.0 and 1.3 μm bands.
Nd:YAG, Nd:YVO4, Nd:YAP, Nd:KGW, Nd:GdYVO4,, and
Nd:GGG have previously been passively Q-switched with
V:YAG at 1.3 μm [13–21]. To the best of our knowledge,
V:YAG has not been used to passively Q-switch Nd:YLF
lasers at either 1.0 or 1.3 μm. Considering other diode
end-pumped 1.3 μm Nd lasers passively Q-switched with
V:YAG, the highest average power was 2.1 W for Nd:YVO4
[13] while Nd:YAG delivered the highest energy per pulse
of 126 μJ and peak power of 6.1 kW in different setups
[18]. Nd:YLF has the potential to significantly increase
the pulse energy due to its longer upper-laser-level
lifetime [5,22].
Here we demonstrate high-power 1314 nm operation
of a diode end-pumped Nd:YLF laser in both CW and
passively Q-switched modes.
The linear two mirror resonator (Fig. 1) consists of a
300 mm concave input coupler (IC) mirror which is
highly reflective at 1314 nm and is highly transmissive
Fig. 1. (Color online) Experimental resonator layout for CW
and a passively Q-switched (with V:YAG) operation.
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at 805 nm. Two 200 mm convex output couplers (OCs)
with transmissions of 5% and 10% at 1.3 μm were avail-
able and placed ∼165 mm from the IC. Operation was
forced onto the 1.3 μm line by specifying both the IC
and OC to be highly transmissive at ∼1 μm. The size
of the fundamental laser mode in the crystal was adjusted
at full pump power to match the pump beam by adjusting
the position of the OC.
The laser crystal consisted of a single 0.5% doped a-cut
Nd:YLF rod which was 5 mm in diameter and 30 mm in
length. It was mounted in a water-cooled copper block
with its c-axis horizontally and was placed next to the
IC. The laser crystal was end-pumped from one side with
a fiber-coupled diode laser module (Jenoptik JOLD-140-
CAXF, 0.6 mm, 0.22 NA fiber, ∼805 nm) with the pump
power limited to ∼45 W to avoid thermal fracture. The
pump beam was focused to a waist radius of ∼700 μm
in the center of the gain medium and had a roughly
bell-shaped energy distribution. This waist radius was
determined with a gain optimization method similar to
the one described in [5] because both the pump and
laser beam radii have a strong influence on the gain as
well as on the thermal load. In this method, we also set
the parameters so that the threshold would be at about
25% of the maximum pump power.
The CW slope efficiencies of the oscillators with the
two OCs are shown in Fig. 2. The most efficient CW
operation, as well as highest output power, was achieved
with a 5% OC with a resulting slope efficiency of 29%.
This laser had an incident pump power threshold of
9.25 W and a maximum power output of 10.4 W, which
is 1.7 times higher than recently reported [3]. The beam
had a symmetrical Gaussian profile, but at the maximum
pump power the beam became slightly elliptical with the
horizontal radius being ∼25% larger than the vertical.
This was due to the YLF’s astigmatic thermal lensing
[23]. Wavelength measurements showed oscillation only
at 1314 nm on the σ polarization due to the oscillator
being unstable for the stronger negative thermal lenses
associated with the π polarization [8,9].
The 5% OC oscillator was subsequently passively
Q-switched by inserting a 3 mm thick V:YAG saturable
absorber with an initial single pass absorption of
∼3% in the cavity between the gain medium and OC
(Fig. 1). The V:YAG crystal was cut along [111] to avoid
anisotropy. Initial experiments indicated that the pulsed
performance at various input powers was relatively in-
sensitive to the position of the V:YAG Q-switch and
the Q-switch was subsequently placed ∼12 mm from
the Nd:YLF crystal. The incident pump-power threshold
of the Q-switched laser was 17.5 W, and the maximum
average output power was 5.2 W at an incident pump
power of 45.2 W (Fig. 3). As the incident pump power was
increased from threshold to 27 W, the pulse repetition
frequency (PRF) increased from 650 Hz to 5.9 kHz, after
which the PRF stayed nearly constant at ∼6.3 kHz with
increasing incident power (Fig. 3). Thermal lensing of
both the Nd:YLF and V:YAG crystals change the laser-
beam size within the resonator, which in turn influences
the bleaching properties of the V:YAG crystal. This gives
rise to a nonlinear behavior in the pulse repetition rate
[24]. The constant PRF over a range of high powers
may be a desirable characteristic for some applications.
Pulse duration at full width at half-maximum de-
creased from 162 to 136 ns with increasing pump power
(Fig. 4). The increase in average output power and
almost constant PRF above 27 W resulted in an increase
in pulse energy up to 825 μJ (Fig. 4) with a peak power of
6.1 kW. Energy per pulse and average power was higher
than previously reported with other diode-end-pumped
Fig. 2. (Color online) Slope efficiencies of the CW laser for the
different OCs used.
Fig. 3. (Color online) Passively Q-switched behavior: PRF
(left axis) and average output power (right axis).
Fig. 4. (Color online) Passively Q-switched behavior: pulse
duration (left axis) and energy per pulse (right axis).
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passively Q-switched 1.3 μmNd lasers with V:YAG: by 6.5
times (126 μJ with Nd:YAG) [18]) and 2.5 times (2.1 W
with Nd:YVO4 [13]), respectively.
In conclusion, high average power 1314 nm oscillation
of an Nd:YLF laser was demonstrated for CW operation
and delivered up to 10.4 W of output power. Passively
Q-switched operation of an Nd:YLF laser using a V:YAG
saturable absorber was demonstrated for the first time.
Pulsed operation delivered 825 μJ of energy per pulse
with a pulse duration of 135 ns and an average power
of 5.2 W. These results are, to the best of our knowledge,
the highest reported values for all diode-end-pumped
passively Q-switched 1.3 μm Nd lasers with V:YAG.
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A 1314 nm two-crystal Nd:YLF laser was designed and operated in both CW and actively Q-switched modes.
Maximum CW output of 26.5 W resulted from 125 W of combined incident pump power. Active Q-switching
was obtained by inserting a Brewster-cut acousto optic modulator. This setup delivered an average power of
18.6 W, with a maximum of 5.6 mJ energy per pulse with a pulse duration of 36 ns at a pulse repetition frequency
of 500 Hz. © 2015 Optical Society of America
OCIS codes: (140.0140) Lasers and laser optics; (140.3070) Infrared and far-infrared lasers; (140.3480) Lasers,
diode-pumped; (140.3530) Lasers, neodymium; (140.3540) Lasers, Q-switched.
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High-power 1.3 μm lasers have a wide range of applica-
tions, including communications, remote sensing, timing
systems, and display technology [1–4]. The 1.3 μm output
can be Raman-shifted to the 1.5 μm region, which is
useful for applications requiring eye-safe operation at
high powers such as lidar and free-space optical commu-
nication [1]. Furthermore, 1314.0 nm (specifically the
657.0 nm second harmonic) is required to probe the
relevant transition for optical calcium clocks [2].
Harmonic conversion of 1.3 μm can also be used for the
generation of red and blue light which is used in display
technologies [3,4].
The stronger 1.3 μm emission lines of Nd:YLF are at
1314 nm for the σ-polarization and 1321 nm for the π-
polarization. Operating an end-pumped Nd:YLF laser at
1.3 μm is attractive because of the weak thermal lens
when emitting on the σ-polarization [5,6]. This results
in excellent beam quality over a wide range of output
powers.
The upper-laser-level (4F3∕2) lifetime of τ ∼ 520 μs for
Nd:YLF is longer compared to ∼250 μs for Nd:YAG and
∼100 μs for Nd:YVO4 [7,8]. The resulting high energy
storage capability makes Nd:YLF suitable for generating
high pulse energies during Q-switched operation [7–10].
The emission cross section (σem) at 1.3 μm for Nd:YLF is
∼2–2.5 × 10−20 cm2 (for both polarizations). This σem is
about an order of magnitude less than for the strongest
Nd:YLF emission lines at 1.0 μm and is also a factor of 3
less than that of Nd:YAG at 1.3 μm and an order of mag-
nitude less than 1.3 μm σem for Nd:YVO4 [8]. Because of
this low σem for 1.3 μmNd:YLF, power scaling such lasers
is more difficult than for either 1.0 μm Nd:YLF or other
Nd-doped media at 1.3 μm. The relatively longer upper-
laser-level lifetime τ of Nd:YLF however partially com-
pensates for this.
The σem and τ values of Nd:YLF necessitate a careful
design of the pump beam radius in pulsed lasers where a
trade-off has to be made between a reasonably low
threshold and the risks of optical damage and thermal
fracture [9]. Thermal effects are especially problematic
under 1.3 μm operation (compared to 1.0 μm) because
of the larger quantum defect. By using a relatively low
Nd doping, one can reduce upconversion and spread
out the thermal load longitudinally in the crystal, which
increases the thermal fracture pump limit [9,11,12]. Fur-
thermore, Nd:YLF crystals grown by the Czochralski
method have a longitudinal gradient in doping resulting
from the physical crystal growth process. Pumping from
the lower-doping side of the crystal further lowers the
risk of thermal fracture [13].
We previously reported the highest 1.3 μm continuous
wave (CW) output power from a diode-end-pumped
Nd:YLF laser of 10.4 W and the highest energy per pulse
of 825 μJ for a passively Q-switched Nd:YLF 806 nm end-
pumped setup [14]. Recent 1.3 μm Nd:YLF work by other
groups based on side-pumped setups delivered CW
powers of up to 14.9 W [15] and for actively Q-switched
Nd:YLF pumped at 796 nm average powers of up to
12.3 W (from 180 W of pump power) with corresponding
pulse energies of 3.8 mJ [16].
Here we demonstrate high-power 1314 nm operation
of a diode end-pumped Nd:YLF laser in both CW and
actively Q-switched modes.
The resonator used for CW operation at 1314 nm is
shown in Fig. 1. It consists of an r  200 mm concave
back reflector (BR) and a flat 10% transmission output
coupler (OC). The resonator was folded with a flat mirror
(HR at 1314 nm, HT at 806, 1050 nm) to pump both crys-
tals. Operation was forced onto the 1.3 μm emission line
by specifying both the input and output couplers to be
highly transmissive at ∼1 μm. Mode-matching at full
pump power was achieved by adjusting the positions of
the OC and BR.
The Nd:YLF laser crystals were obtained through a
collaboration with VLOC, who estimated the doping gra-
dient of a specially manufactured boule and maintained
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the crystal orientation information during the manufac-
turing process. The two crystals used were a-cut rods
with 6 mm diameter and 45 mm length; each had a linear
doping gradient along the rod from 0.30% to 0.52%. Each
crystal was mounted in a water-cooled copper block with
its c-axis horizontal and placed next to the resonator fold-
ing mirror. The laser crystals were end-pumped from the
low-doping (0.30%) side using fiber-coupled diode laser
modules (Jenoptik JOLD-75-CPXF-2 P, 0.4 mm 0.22 NA
fiber, ∼808 nm) with the pump powers each limited to
∼62.5 W (125 W total) to avoid thermal fracture. The
laser diodes were also temperature controlled to 27°C
to provide a pump wavelength of 805.5 nm (at full pump
power), ensuring an absorption efficiency of ∼91.5% in
this setup. The pump beam was focused to a waist radius
of ∼ 500 μm in the center of the gain medium with a
roughly top-hat shaped energy distribution at that posi-
tion. This waist radius was determined through a gain
optimization method similar to the one described in [9]
since both the pump and laser beam radii have a strong
influence on the gain as well as on the thermal load.
The CW incident optical-to-optical slope efficiency of
the oscillator is shown in Fig. 2. The most efficient CW
operation, as well as highest output power, was achieved
with a 10% OC with a resulting incident optical-to-optical
slope efficiency of 25%. This laser had an incident pump
power threshold of 15.3 W and a maximum power output
of 26.5 W, which is 2.5 times higher than what was
recently reported by our group [14]. Wavelength mea-
surements showed oscillation only at 1314 nm on the
σ-polarization because of the oscillator being unstable
for the stronger negative thermal lenses associated with
the π-polarization [5,6]. The beam mostly had a symmet-
rical Gaussian profile, but at the maximum pump power
it became slightly elliptical with a horizontal radius ∼20%
smaller than the vertical. This is because of the YLF’s as-
tigmatic thermal lensing [17]. The beam was measured by
the ISO11146 method (knife-edge) to have an M2 value of
2.0 (horizontal) and 2.6 (vertical).
The oscillator in our setup was subsequently slightly
modified for active Q-switched operation. An acousto op-
tic modulator (AOM) [a Brewster-cut Gooch & Housego,
Model QS027-10M(BR)-NL6] was inserted in the cavity
between the second Nd:YLF crystal and output coupler
(Fig. 3). The flat OC’s transmission was increased to 15%
to limit the intra-cavity peak power which, in turn, al-
lowed us to operate at a low pulse repetition frequency
(PRF). The positions of the BR and OC were also slightly
adjusted to mode-match the pump and laser modes
within the Nd:YLF crystals.
A maximum average output power of 18.6 W was
achieved at an incident pump power of 125 W and a PRF
of 20 kHz (Fig. 4). The energy per pulse Epulse increased
from 0.93 mJ at a PRF of 20 kHz, to 5.59 mJ at 0.5 kHz.
Pulse duration at full width at half-maximum (FWHM)
decreased from 218 ns at a PRF of 20 kHz to 36 ns for
0.5 kHz (Fig. 5). The highest peak output power was
155 kW at a PRF of 0.5 kHz. A slight elliptical beam pro-
file was observed because of astigmatic thermal lensing
[17]. The decrease in the maximum output power from
that of the CW setup is attributed to the increase of OC
losses, as well as a slight change in the mode-matching
Fig. 1. Experimental resonator layout for CW operation.
Fig. 2. Incident 806 nm optical-to-optical slope efficiency, to-
gether with beam profiles of the 1314 nm CW laser.
Fig. 3. Experimental resonator layout for actively Q-switched
(with AOM) operation.
Fig. 4. Actively Q-switched behavior at full pump power of
125 W: Energy per pulse (left axis) and average output power
(right axis), as a function of the PRF.
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which resulted from the additional optical element in the
resonator.
This is, to the best of our knowledge, the first demon-
stration of an actively Q-switched end-pumped Nd:YLF
laser at 1314 nm. The resulting energy per pulse and
average power are also higher than previously reported
for other diode side-pumped actively Q-switched 1.3 μm
Nd:YLF lasers [16].
Subsequently, an attempt was made to increase the to-
tal pump power to 140 W. This resulted in one of the crys-
tals fracturing at a PRF of 12.5 kHz, when decreasing it
from 20 kHz. We therefore operated the laser just below
the crystal damage threshold, since the increase in pump
power resulted in a higher heat load (because of upcon-
version), which increased the stress inside the Nd:YLF
above the fracture limit [9].
In conclusion, high average power 1314 nm oscillation
of an end-pumped Nd:YLF laser has been demonstrated
for CW operation delivering up to 26.5 W of output
power. Active Q-switching of the laser using a Brewster-
cut AOM resulted in pulsed operation with 5.59 mJ
energy per pulse, pulse duration of 36 ns, and an average
power of 18.6 W. These results are, to the best of our
knowledge, the highest reported values to date for diode-
end-pumped 1.3 μm Nd lasers.
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managed by AEON-NMMU) for the partial financial
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